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Pedra Filosofal
Eles nao sabem que o sonho 
é uma constante da vida 
tao concreta e definida 
como outra coisa qualquer, 
como esta pedra cinzenta 
em que me sento e descanso, 
como este ribeiro manso 
em serenos sobressaltos, 
como estes pinheiros altos 
que em verde e oiro se agitam, 
como estas aves que gritam 
em bebedeiras de azul.
Eles nao sabem que o sonho 
é vinho, é espuma, é fermento, 
bichinho álacre e sedento, 
de focinho pontiagudo, 
que fossa através de tudo 
num perpétuo movimento.
Eles nao sabem que o sonho 
é tela, é cor, é pincel, 
base, fuste, capitel, 
arco em ogiva, vitral, 
pináculo de catedral, 
contraponto, sinfonia, 
máscara grega, magia, 
que é retorta de alquimista, 
mapa do mundo distante, 
rosa-dos-ventos, Infante, 
caravela quinhentista, 
que é cabo da Boa Esperança, 
ouro, canela, marfim, 
florete de espadachim, 
bastidor, passo de dança, 
Colombina e Arlequim, 
passarola voadora, 
pára-raios, locomotiva, 
barco de proa festiva, 
alto-forno, geradora, 
cisao do átomo, radar, 
ultra-som, televisao, 
desembarque em foguetao 
na superficie lunar.
Eles nao sabem, nem sonham,
que o sonho comanda a vida,
que sempre que um homem sonha
o mundo pula e avança
como bola colorida
entre as maos de uma criança.
Antonio Gedeao 
In Movimento Perpètuo, 1956
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Chapter
General Introduction
Importance of calcium in biological systems
Calcium is an alkaline earth metal, usually occurring in its ionic +2 oxidation state. It 
is found in the major mineral components of the planet’s surface and accounts for about 3.5% 
of the lithosphere. Calcium is also present in variable amounts in aquatic environments. The 
concentration of calcium dissolved in the oceans depends on the equilibrium between the 
amount drained from earth and the fraction deposited in sediments and organisms but is in 
general approximately 10 mM. Freshwater environments have more variable calcium 
concentrations, depending to a great extent on the mineral composition of the surrounding 
ground, and they range from 0.01mM to 2.0 mM (Dacke 1979, Pang et al., 1980).
The calcium ion is relatively stable due to its low electronegativity (1.00) and can
+2form precipitates of low solubility, stable solutions, or dissociate completely into free Ca 
ions when interacting with several types of negative ions. The fact that calcium can be found 
in any of these three states under natural conditions is one key to its importance in biological 
systems. Calcium in the form of a low-solubility precipitate occurs in the skeleton, teeth and 
otoliths; it occurs in stable solutions such as blood plasma, cytosol and the extracellular fluid 
compartment of the bone, and as dissolved Ca2+ ions in the plasma and the cytosol. (Dacke 
1979; Sundell, 1992).
Perhaps the most evident function for calcium in animals is the formation of a hard 
body-shaping and protective structure, which may be external (shell of invertebrates) or 
internal (skeleton of vertebrates), which consists primarily of calcium carbonate and calcium 
phosphate complexes. In teleosts about 99% of the total body calcium is incorporated into 
bone, scales, teeth and otoliths (Wendelaar Bonga and Pang, 1991). However, calcium either 
ionic or protein-bound plays a crucial role in numerous other physiological and biochemical 
processes, such as muscular contraction, vision, blood coagulation, regulation of enzymatic 
reactions, modulation of permeability and excitability of plasma membranes, neural and 
intercellular communication and intracellular signalling (Riccardi, 1999, 2000). It is also
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important in the reproductive cycle of many animals, where it is an essential component of 
vitellogenin, the egg yolk precursor protein (Yeo and Mugiya, 1997). Large amounts of 
calcium are also necessary for the production of the eggshells of many species. The triggering 
and maintenance of sperm function and post-fertilization events also require the presence of 
this ion (Stricker, 1999).
Osmoregulation in fish
Teleosts represent approximately half of the vertebrate species, inhabiting both 
freshwater and seawater environments, as well as the many areas of brackish water resulting 
from the mixing of these two, comprising a full range of salinities and thus a calcium 
concentration range from 0.1 to 10 mM. Furthermore, fish are also found in places where 
extreme acidity or alkalinity of the waters greatly modulates ion availability.
Most fish maintain their internal osmolarity between 250 to 500 mOsmol/Kg, despite 
variations in the environmental ionic composition which can range from <0.1 mOsmol/Kg to 
1100 mOsmol/Kg (Karnaky, 1998). Some species even tolerate progressive or abrupt changes 
in the osmolarity of surrounding media. Passage from freshwater to seawater and vice-versa 
reverses the osmotic and ion concentration gradients across the fish epithelia, inducing 
significant changes in passive water and ion movements between the external media and the 
internal milieu of the fish calling for fast adaptation of osmoregulatory mechanisms. 
Freshwater fish lose ions by diffusion and water enters their body due to the difference in 
osmotic pressure. The uptake of water is compensated for by the production of large volumes 
of very dilute urine in the kidney; ion loss is counteracted by active uptake of ions across 
osmoregulatory surfaces such as the branchial epithelia. Fish maintained in freshwater gain 
fluid and the necessity for water uptake via the intestine is reduced. Therefore drinking is 
limited or does not occur in these fish (Schmidt-Nilesen and Renfro, 1975; Karnaky, 1998; 
Marshall, 2002). In contrast, in seawater, fish are faced with an hypertonic medium that 
induces a passive inflow of ions and large water losses. Increased drinking and subsequent 
water absorption by the intestinal epithelia compensate for the fluid lost. However, this also 
contributes to a greater intake of ions and these have to be eliminated either via the gills, the 
kidney or intestine; indeed, seawater-adapted fish produce a small volume of highly 
concentrated urine (Fuentes and Eddy, 1997; Karnaky, 1998) and secrete monovalent ions via 
their gills. Little is known about the role of the intestine.
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Calcium exchange systems
Freshwater and seawater habitats represent hypo- and hypercalcemic environments, 
respectively, and a calcium gradient normally exists in fish between the internal and external 
environment. Migrating species may be exposed to rapid changes in salinity and this leads to 
changes in drinking rate. These factors can rapidly affect the calcium exchange rate between 
the fish and the environment, calling for equally rapid regulatory measures to maintain 
calcium homeostasis (Bjornsson et al. 1999)
In vertebrates the plasma ionic calcium concentration is tightly regulated within 
narrow limits since changes beyond the physiological boundaries disturb neural, muscular and 
cardiovascular function, and may lead to tetany, lethargy and ultimately death of the 
individuals (Wendelaar Bonga and Pang, 1991; Flik et al., 1995). In fish, regardless of 
whether they live in freshwater or seawater, calcium levels are maintained, also when fish are 
transferred to hyper- or hypocalcemic environments (Pang et al., 1980; Karnaky, 1998; 
Withers, 1996).
Ionic calcium accounts for half of the total calcium in normal situations, and is more 
tightly regulated than the protein-bound fraction, as it is the physiologically active fraction 
which is involved in cellular functions or exchange with the environment (Wendelaar Bonga 
and Pang, 1991). Terrestrial vertebrates obtain calcium episodically through their diet and the 
intestine is the primary organ for calcium absorption. Fish, however, are submerged in a 
readily available calcium source, and therefore most of the body surfaces in contact with the 
water are accessible for calcium uptake. Consequently, fish take up calcium directly from the 
water via the gills and additionally via the intestinal tract, both from imbibed water or 
ingested food.
The branchial epithelium is the main site for regulated calcium uptake in fish 
(Fenwick, 1989; Flik et al, 1995; Marshall, 2002). This is particularly true in freshwater, but 
even in seawater fish the gill calcium uptake is important. Gill epithelia make up up to 95 % 
of the total fish surface and are highly vascularized, and therefore ideal for ionic exchange 
(Flik et al., 1985a). Furthermore, gills contain a specialised type of cell, the chloride cell or 
mitochondria-rich cell which is responsible for ion transport, including that of calcium ions 
(Mayer-Gostan et al., 1983; Marshall et al., 1995; Perry, 1997; Marshall and Bryson, 1998). 
In addition to the gills, several non-branchial areas of the skin transport calcium, although the 
contribution of transport at these extrabranchial sites to overall calcium homeostasis is not 
clear. The opercular epithelia contain a great number of chloride cells and in-vitro studies 
have demonstrated calcium uptake across this section of the integument in rainbow trout
11
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(Marshall et al., 1992), Nile tilapia (McCormick et al., 1992) and killifish (Marshall et al., 
1995; Verbost et al., 1997).
Gills
Gills are in direct contact with the ionic calcium present in the environment, which in 
seawater is present in concentrations well above those of the free calcium in intercellular 
fluids (around 1.5 mmol/L), and in freshwater in concentrations similar or lower than these 
internal levels. In both cases fish extract calcium from the water. Evidence from 
electrochemical studies (see Verbost et al., 1994; Flik et al., 1995; Marshall, 1995) 
demonstrated that the transepithelial potential in fish is always more positive then the 
equilibrium potential for calcium across the integument, and therefore the driving force for 
passive calcium movement across the gills is directed outwards both in freshwater and in 
seawater fish. This indicates that uptake of calcium is not by diffusion via paracellular routes 
but primarily by active transport mediated by a transcellular sequence of events.
Intracellular calcium is very low (in the submicromolar range; Schoenmakers et al., 
1993; Larsson et al., 1998) and calcium entry across the apical membrane of chloride cells is 
considered a passive process, probably involving a stanniocalcin-regulated calcium ion 
channel (Wendelaar Bonga and Pang, 1991). This is true even in very soft waters (10-5M 
calcium) as the driving force for calcium uptake into the cell still exists (Marshall, 2002).
Once inside the cell calcium diffuses through the cytoplasm probably bound to 
calcium-binding proteins (Bjornsson et al., 1999). It is the exit of calcium across the 
basolateral membrane which is the active, energy-consuming step that occurs against an 
electrochemical gradient. This step involves membrane transporters, such as the calcium- 
adenosine triphosphatase (Ca2+-ATPase) and the sodium-calcium exchanger (Na+/Ca2+- 
exchanger; Flik et al., 1985a, 1985b; Flik et al., 1990; Flik et al., 1997; Marshall and Bryson, 
1998). The relative importance of these two membrane carriers remains to be fully 
determined. The high affinity of Ca2+-ATPase for calcium led to the suggestion that it drives 
the majority of transcellular calcium uptake (Flik et al., 1985b). However, recent studies with 
the isolated opercular membrane of killifish indicate that the Na+/Ca2+-exchanger accounts for 
approximately 80-85% of calcium transport at this site (Verbost et al., 1997). Moreover, the 
affinity and the number of these carriers, taken with the Na+/K+-ATPase, suffice to account 
for calcium and sodium homeostasis in freshwater and seawater (Verbost et al., 1994).
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Intestine
In fish, the role of the intestine in calcium uptake is poorly understood, and differences 
in calcium uptake at this site occur between freshwater and seawater fish. In freshwater fish 
the intestinal contribution to total calcium uptake is frequently considered accessory (Flik et 
al., 1996), since estimated branchial influx suffices for growth and homeostasis and the 
amount of calcium that gains entry through drinking is rather small.
The intestine of seawater fish is an important osmoregulatory organ and takes up large 
amounts of water to compensate for the losses that occur via the integument. This leads to 
increased calcium availability in the intestinal tract and concentrations as high as 25mmol/L 
have been measured in seawater-adapted tilapia (Klaren et al., 1993). In the same species 
calcium transport in the proximal part of the intestine is nullified in seawater to prevent extra 
calcium loading of the fish (Schoenmakers et al., 1993).
Studies using different in vivo and in vitro techniques demonstrated a net absorption of 
calcium across the intestine, which can reach 30 to 70% of the ingested calcium (Hickman, 
1968; Bjornsson and Nilsson, 1985; Sundell and Bjornsson, 1988) and account for up to 30­
40% of the total calcium uptake (Flik et al., 1985b; Sundell and Bjornsson, 1988; Flik et al., 
1990; Vonck et al., 1998). Furthermore the intestinal contribution may increase in times of 
extra need for calcium, such as during gonadal maturation (Ichii and Mugiya, 1983; Sundell 
and Bjornsson, 1988).
The cellular routes for calcium uptake in intestine are similar to those in the gills, and 
calcium uptake occurring in the intestinal tract is via active transport mechanisms (Flik et al, 
1990; Schoenmakers et al., 1993). Nevertheless, considering the leaky nature of the intestinal 
epithelium and the particularly high electrochemical gradients, significant paracellular 
transport takes place (Bjornsson et al., 1999). Recently Grosell and Wilson (2002, 
unpublished results) suggested that the calcium activity in the intestinal tract of marine fish 
can be diminished by secretion of carbonate ions which complex free calcium and form 
precipitates, thus reducing this gradient.
Calcium concentration inside the enterocyte is in the nanomolar range and the 
cytoplasm of this cell is negatively charged when compared to the intestinal lumen. This 
allows calcium to move across the brush-border membrane and into the enterocyte interior 
down an electrochemical gradient. Extrusion to the extracellular fluid requires the action of 
basolateral transporters which include Ca2+-ATPase, but it is mainly Na+-dependent (Flik et 
al, 1996; Bjornsson et al., 1999).
13
General Introduction
The contribution of dietary calcium to fish calcium uptake is dubious and studies 
suggest fish can live and grow normally on a calcium-poor diet (see Flik et al., 1996). 
However, in some cichlid and catfish species growth was impaired or reduced when the 
calcium content in the rearing water was low (Robinson et al., 1986, 1987), and Hossain and 
Furuichi (1998) described reduced growth in the full-strength seawater pufferfish Takifugu 
rubripes when reared on a calcium-deficient food.
Kidney
Calcium excretion in fish takes place mainly via the urine (Schmidt-Nielsen and 
Renfro, 1975; Bjornsson and Nilsson, 1985), but the amount of renally excreted calcium 
varies with the calcium concentration in water and it is mediated by the differential activity of 
Ca2+-pumps in the renal tissue (Bijvelds et al., 1995). The kidney in freshwater fish produces 
a dilute urine to counteract the osmotic inflow of water and calcium losses are minimized by 
means of active tubular reabsorption of ultrafiltered calcium (Schmidt-Nielsen and Renfro, 
1975; Bjornsson and Nilsson, 1985). In seawater fish the kidney has a calcium-excretory 
function, yet urine flow is reduced to a minimum. Tubular reabsorption of calcium and 
phosphate is reduced and these ions are secreted (Renfro et al., 1982). The urine produced by 
the kidney is retained in the urinary bladder and its ionic composition is further modified there 
through reabsorption of water and/or monovalent ions (Marshall, 1995).
Additional calcium excretion occurs via the gills and the intestine. Calcium loss via 
the gills happens by paracellular routes driven by the outward electrochemical force for 
calcium both in fresh- and in seawater (Perry and Flik, 1988; Verbost et al., 1994; Marshall, 
1995; Flik et al., 1995) and is further influenced by the calcium permeability of the 
intercellular junctions. The intestinal contribution to calcium excretion is unclear but in the 
Atlantic cod it is estimated to be 20% of the total excretion (Sundell and Bjornsson, 1988).
Calcified tissue
Many fish continue to grow throughout their life. Growth is accompanied by long­
term net accumulation of calcium into calcified structures such as bone and scales. These are 
used for mechanical support but also constitute a calcium sink that can be available in periods 
of extra demand. When environmental calcium becomes scarce, mobilisation of the mineral 
from the skeleton may provide enough calcium for fundamental physiological processes. 
Young tilapia (around 20 g) transferred to low-cal cium fresh water showed a decrease in 
calcium density of bone (Flik et al., 1986a). Sexual maturation requires enormous amounts of
14
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calcium for gonadal growth and may result in substantial transient resorption from these 
tissues (Bjornsson et al., 1999). In fact, mobilization of calcium from scales and the vertebral 
skeleton has been demonstrated in salmonids during sexual maturation and spawning 
migration from calcium-rich seawater to freshwater (Persson et al., 1998; Kacem et al., 2000). 
Scale osteoclast activity is increased during vitellogenesis inducing demineralisation of these 
structures (Persson et al., 1995). So, when the calcium demand exceeds the capacity of the 
calcium uptake mechanisms, or when it is impossible or energetically unfavourable to extract 
calcium from the environment, the fish mobilises calcium from internal stores (Bjornsson et 
a l, 1999).
Early life stages
In early life stages an adequate supply of calcium is essential for development of 
mineralised structures such as the vertebral column, the fins and the cranium, which are 
essential for survival (Faustino and Power, 1998). Relatively few studies on calcium uptake at 
the larval phase exist but this process probably differs from that of adults. The organs 
responsible for calcium transport are not yet completely developed and in early larval stages 
alternative and more efficient routes for calcium entry probably exist. Branchial tissue, which 
in adults accounts for the great majority of the body surface, is still poorly developed and 
structures such as the gill lamellae are only developing secondarily (Sarasquete et al., 1998). 
Gills with their chloride cells are needed for ion uptake before they are needed for O2 uptake 
(Rombough, 2002). Thus, although studies have considered the developing gill in fish larvae 
to be primarily an ionoregulatory organ rather then respiratory, their contribution to calcium 
uptake may not be sufficient for the requirements of growth; in particular the vascular system 
may not be sufficiently developed to provide developing peripheral bone structures with 
calcium. It seems likely that in fish larvae mitochondria-rich cells initially found over the 
entire body surface contribute to calcium uptake (Wales and Tytler, 1996; Hiroi et al., 1998; 
Van der Heidjen et al., 1999b; Kaneko et al., 2002).
The contribution to calcium uptake of the developing intestinal tract in fish larvae is 
largely unstudied. However it has been proposed that it may be important in calcium uptake in 
early stages (Tytler et al., 1990) by increasing the relative surface available for ion exchange. 
The most important role of the intestine probably concerns drinking as drinking rates are 
significantly higher in both freshwater and seawater larvae compared to juveniles and adults 
(Perrot et al., 1992; Fuentes and Eddy, 1997).
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Endocrine control of calcium regulation
Slight changes in the calcium concentration in extracellular fluid can have a large 
impact on vital functions. The endocrine system is involved in maintaining calcium levels 
within defined physiological limits, extracellularly around 2-3 mM total calcium (Withers, 
1996; Bentley, 1998) and around 1.25 mM ionic calcium (e.g. Hanssen et al., 1991) and 
intracellularly at the 100 nM level. In mammals, birds, reptiles and most amphibia, 
parathyroid hormone (PTH) and calcitonin (CT), together with 1,25-dihydroxy vitamin D3 
(1,25(OH)2D3; the most effective vitamin D3 metabolite) seem to be the main players 
controlling extracellular calcium levels, calcium uptake and excretion and bone mobilisation. 
PTH is a hypercalcemic factor that acts directly by stimulating calcium resorption in the bone 
and reabsorption of calcium in the kidney. It also stimulates the action of 1,25(OH)2D3 which 
promotes intestinal calcium absorption, allowing enough calcium to be taken up by the 
organism. 1,25(OH)2D3 is also involved in the up-regulation of plasma calcium due to its 
actions in the bone and kidney. CT counteracts the action of the other two, rapidly preventing 
calcium release from bone tissue by promoting osteoblastic and osteocytic activities. It also 
stimulates, to a lesser extent, calcium excretion via the gut and kidney (see Mundy, 1991; 
Bentley, 1998).
PTHrP is a novel hormone similar in structure to that of PTH. It was first identified in 
relation to malignant neoplastic tissues and associated to a disease, the humoral 
hypercalcemia of malignancy (Moseley et al., 1987). So far, its action as been characterised in 
mammalian and avian species regarding its functional similarities to PTH, such as in calcium 
transport at the placental level in mammals, and mobilisation of calcium from skeletal stores. 
However, while PTH acts as a classical endocrine agent, PTHrP seems to be synthesised by a 
variety of tissues throughout the body, acting close to the site of synthesis in paracrine, 
autocrine and intracrine modes (see Ingleton and Danks, 1996; Phillbrick et al., 1996; 
Wysolmerski and Stewart, 1998).
With the exception of PTH all the hormones identified in terrestrial vertebrates are 
found in fish. However the role of these hormones in calcium balance in fish is different, 
likely to be more original; an additional hormone, stanniocalcin, until recently thought to be 
exclusive for fish, appears to be key in control of calcium homeostasis in fish by preventing 
uncontrolled influx of calcium from the external medium via the gills and to a lesser extent 
from the intestinal lumen (Wendelaar Bonga and Pang, 1991; Sundell 1992). Furthermore, in 
contrast with most higher vertebrates, the development of the endocrine system in fish is not 
complete at the time of hatching and progresses during the larval stages as different hormones
16
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are necessary for organogenesis, growth and metamorphosis (Tanaka et al, 1995; Power et al.,
2 0 0 1 ).
The action of vitamin D3 and in particular 1,25(OH)2D3 is not clear in fish. Intestinal 
calcium absorption is stimulated by 1,25(OH)2D3 as in terrestrial vertebrates and intestinal 
receptors for 1,25(OH)2D3 have been found in fish (Sundell et al., 1992). Injections of the 
hormone induce mild hypercalcemia (Sundell et al., 1990). This outcome can occur through 
slow genome-mediated action or via fast non-genomic pathway (Sundell et al., 1996). 
However several other reports demonstrate that the other metabolites may have contrasting 
effects in fish (reviewed by Rao and Raghuramulu, 1999). In fish, the role of calcitonin in 
calcium homeostasis (calcitonin is the paramount hypocalcemic factor in higher vertebrates), 
is at least ambiguous: although reports have given evidence for hypocalcemic effects of 
calcitonin, others have shown hypercalcemia or no effects after the peptide administration in 
fish (Wendelaar Bonga, 1981; Wales and Barret, 1983; Oughterson et al., 1995; Wagner et 
al., 1997; Srivastav et al., 1998a; Srivastav et al., 1998b). The pituitary hormones prolactin 
(PRL), growth hormone (GH) and, more recently, somatolactin (SL) have often been ascribed 
a function in osmotic and calcium regulation. (Bern, 1975; Fraser et al., 1991; Wendelaar 
Bonga and Pang, 1991; Flik et al., 1993; Kaneko and Hirano, 1993). PRL is by far the best 
studied hormone and it has been shown to stimulate whole-body calcium uptake by enhancing 
branchial calcium inflow and decreasing calcium excretion in the gills of tilapia (Flik et al., 
1986b, 1989, 1994). It seems also necessary for the development of low-salinity tolerance in 
young tilapia larvae (Ayson et al., 1994; Hiroi et al., 1997).
Cortisol, a corticosteroid produced by the interrenal tissue in fish, is another factor 
involved in salinity adaptation (e.g. facilitates the adaptation to seawater in tilapia larvae 
(Hwang and Wu, 1993)) that may have additional effects on calcium balance. Flik and Perry 
(1989) demonstrated that cortisol stimulates whole-body calcium uptake and the activity of 
the branchial calcium pump in freshwater rainbow trout.
Oestradiol (E2) has a marked impact on calcium balance in fish. This hormone is the 
main factor involved in gonadal maturation in (female) fish and the stimulus for the 
production of vitellogenin, a calcium-binding protein essential for egg production. The E2- 
mediated vitellogenin induction requires elevated extracellular calcium concentrations (Yeo 
and Mugiya, 1997) and significant increases in circulating calcium are associated with rises in 
plasma estradiol levels (Mugiya and Watabe, 1977; Mugiya and Takayama 1992; Person et al, 
1994, 1998). In salmonids estradiol induces calcium resorption from scales and bone (Persson 
et al., 1994; Kacem et al., 2000) and also stimulates calcium uptake directly from the water
17
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(Persson et al., 1994). However, estrogen receptors are found in scales, bone and intestine 
(Armour et al., 1997; Persson et al., 2000; Socorro et al., 2000) but are absent in gills 
(Persson et al., 2000; Socorro et al., 2000), and this suggests that some of the action of E2 on 
calcium homeostasis may be mediated indirectly via other endocrine factors.
Stanniocalcin (STC) is a glycoprotein secreted by the corpuscles of Stannius which 
has anti-hypercalcemic effects in fish. This seems to be a hormone involved in the normal 
calcium regulation and not only related to specific physiological conditions. Its release is 
stimulated by increased circulating calcium levels (Wagner et al., 1989; Hanssen et al., 1991) 
and it inhibits calcium entry in transporting cells of the branchial (Lafeber et al., 1988a; 
Verbost et al., 1993) and intestinal epithelia (Sundell et al., 1992). The corpuscles of Stannius 
are only found in fish and STC was long thought to be exclusive for this taxonomic group. 
However, recently in human and mouse two stanniocalcin proteins, STC1 and STC2 were 
described (Chang et al, 1995; Wagner et al., 1995; Chang et al, 1998) and found to be 
phosphatemic and calciotropic via their action on kidney and intestine (Wagner et al., 1997; 
Ishibashi et al., 1998; Madsen et al., 1998).
So far, true housekeeping hypercalcemic hormones have not been identified in fish, 
which lack parathyroid glands, the PTH secreting organs in terrestrial vertebrates. It has been 
suggested that this hormone, indispensable for all terrestrial vertebrates, must have evolved 
during the water-to-land transition in conjunction with the development of bone as a calcium 
reservoir (Pang et al., 1980; Wendelaar Bonga and Pang, 1991).
Despite the fact that PTH was never found in fish, several reports have referred to the 
existence of PTH-like substances in the pituitary of several species. Parsons et al., (1978) 
indicated that a protein present in an extract of fish pituitaries, which was not PRL, caused 
rapid and transient hypercalcemia. PTH-like immunoreactivity has been described in the 
pituitary of several fish species (Harvey et al., 1987; Kaneko and Pang, 1987; Fraser et al., 
1991; Chailleux et al., 1995). Recently, PTHrP was demonstrated in the plasma and pituitary 
of sea bream (Sparus aurata) using antisera to the human peptide (Danks et al., 1993). 
Immunoreactivity was also described in skin, rectal gland and plasma of dogfish (Ingleton et 
al., 1995), in the saccus vasculosus of sea bream (Devlin et al., 1996) and stingray (Akino et 
al., 1998) and in the urophysis and corpuscles of Stannius of the euryhaline flounder 
Platichthys flesus (Ingleton and Danks, 1996). More recently, evidence for the existence of 
this protein in other fishes has been provided (Danks et al., 1998; Trivett et al., 1999, 2001). 
Receptors for this hormone were shown in the zebrafish and have affinity to PTHrP of both
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mammalian and piscine origin (Rubin and Juppner, 1999). Whether or not this factor has 
calciotropic actions in fish remains to be determined.
Calcium-sensing mechanisms
The way in which the endocrine system perceives changes in calcium is unclear. It 
was predicted that ionic calcium itself could modulate the production and release of endocrine 
factors that maintain calcium homeostasis via a sensing mechanism. The cloning of a bovine 
and human Ca2+-sensing receptor (CaSR) from the parathyroid gland (Brown et al., 1993; 
Brown et al., 1994) then confirmed this idea. Subsequently similar receptors have been cloned 
from other tissues involved in calcium homeostasis such as the kidney and calcitonin (CT) 
cells in rat thyroid gland (see Brown and MacLeod, 2001).
The CaSR is activated by changes in the extracellular concentrations of calcium. The 
receptor belongs to one G-protein coupled receptor family having 7 transmembrane domains, 
a calcium-related extracellular domain and an intracellular terminal coupled to cAMP 
production and phospholipase dependent signalling. The CaSR enables extracellular calcium 
concentrations to modulate internal calcium and other secondary messengers without being 
taken up by the cell (Riccardi, 1999, 2000). The receptor is involved in the regulation of PTH 
secretion by the parathyroid gland underlining its importance in Ca2+ homeostasis. The exact 
role of the receptor in physiological responses in the kidney and CT-producing cells has not 
yet been clearly elucidated.
Evidence for the importance of CaSR in calcium homeostasis is provided by 
identifications in humans of several calcium-related disorders associated with mutations of the 
receptor, which alter the secretory response of parathyroid cells to extracellular calcium or 
modifying the regulation of renal calcium (Chattopadhyay et al., 1996). Moreover, the 
reduction in bovine PTH cell response in vitro was shown to be directly correlated with lower 
levels of CaSR mRNA and protein expression (see Brown and MacLeod, 2001). The presence 
of both CaSR and PTH/PTHrP receptor in the same region of rat kidney (Yang et al., 1997) 
provides evidence for the importance of CaSR in calciotropic hormone regulated mineral ion 
homeostasis.
In fish the presence of ion-sensing mechanisms may be a specific adaptation as they 
are surrounded in water containing dissolved ions. For this reason, fish may need systems 
which detect changes in internal as well as in external ion concentrations. Evidence comes 
from studies suggesting that environmental calcium is a cue for migrating salmon (Bodznick, 
1978) and recently Hubbard et al. (2000) demonstrated that the sea bream olfactory system is
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highly sensitive to changes in environmental calcium concentration, which may help this fish 
to select between suitable or less favourable habitats. The recent cloning of the CaSR 
complementary DNA of pufferfish (Fugu rubripes; Naito et al., 1998), in association with 
putative pheromone receptors expressed in tissues of the fish nose, will provide the 
opportunity to study this system.
Aim and outline of this thesis
The aim of this thesis was to study calcium balance in a marine teleost, the gilthead 
sea bream (Sparus aurata L.) in response to environmental challenges and putative endocrine 
hypercalcemic factors.
The gilthead sea bream is a widely cultivated species in the Mediterranean basin with 
an important economic potential. Rearing problems are largely associated with early stages 
and include poor or abnormal development of calcified structures. In the wild, this coastal 
species often thrives in estuatine and brackish waters (i.e. at reduced salinity). However, in 
general it cannot withstand salinities below 5%o. Spawning occurs offshore but larvae are 
transported/migrate inshore, to shallow nursery grounds where they find shelter and food; but 
where environmental conditions may deviate widely from those of the sea.
Although many studies have previously focused on the mechanisms controlling 
calcium transport in freshwater species or in euryhaline species in freshwater, little is known 
about marine species and how they transport and regulate calcium homeostasis, especially 
during development and episodes of fast growth. Hormonal control of calcium metabolism in 
seawater fish is not clear and even though many factors have been related to calcium 
handling, their roles have still not been fully defined (Wendelaar Bonga and Pang, 1991; 
Bjornsson et al., 1999). Stanniocalcin is thus far the only endocrine factor specifically related 
to direct actions on calcium transport (Flik et al., 1995; Wagner et al., 1998), although the 
mechanism that brings about its anti-hypercalcemic or hypocalcemic action are not yet 
clarified at the molecular level. On the other hand, hypercalcemic hormones as such had not 
been described and hence it has been accepted that endocrine regulation was mainly under the 
control of hypocalcemic factors in fish that always have access to unlimited sources of 
calcium and primarily need to keep calcium out.
In CHAPTER 2 the rapid accommodation of sea bream larvae to abrupt changes in 
salinity and altered environmental calcium concentration is described. Despite the challenges 
posed by external conditions extra-intestinal calcium uptake was maintained at levels capable
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to ensure an important calcium supply. Changes in drinking rate conditioned the possible 
intestinal contribution.
CHAPTER 3 describes the molecular cloning and characterization of the cDNA as 
well as the tissue distribution of expression of the gene coding for the sea bream PTHrP, a 
paracrine/autocrine calciotropic factor in terrestrial vertebrates.
In CHAPTER 4 the effects of a piscine PTHrP N-terminal peptide on sea bream larvae 
whole-body calcium fluxes are described. PTHrP induced marked increase in calcium uptake 
from the surrounding water while calcium efflux was reduced. Drinking was also down 
regulated by the peptide.
CHAPTER 5 deals with the effects of 17-ß estradiol as a hypercalcemic factor. These 
were analyzed in sea bream juveniles, and the relative contributions of the intestinal and 
branchial transport systems to the changes observed in overall calcium uptake were evaluated.
In CHAPTER 6 the time-course of hypercalcemia after 17-ß estradiol administration 
was analyzed and effects over other calciotropic hormones were studied. A marked relation 
between increased circulating estradiol and PTHrP indicates the latter may mediate the 
calciotropic actions of the former.
CHAPTER 7 describes the molecular cloning of a sea bream calcium-sensing 
receptor, the characterization of its domains and comparison with other species. Gene 
expression and distribution was also studied.
In CHAPTER 8 the main results presented in this thesis are summarized and 
discussed.
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Chapter
Ambient Calcium Modulates Whole Body Calcium 
Uptake in Sea Bream Larvae During Short-Term 
Adaptation to Reduced Salinity
Abstract
Whole body calcium uptake was studied in sea bream larvae in response to changing environmental 
salinity and calcium concentrations. Larvae were exposed to a series of seawater dilutions with or 
without addition of calcium to restore the normal seawater concentration. Sea bream showed a linear 
increase in body calcium content, with constant calcium accumulation despite the fact that calcium 
uptake, when normalized to the body weight, decreases with increasing size, indicating that these 
small fish are able to regulate there calcium uptake. Calcium uptake depended on both the external 
calcium concentration and salinity and fish exposed to calcium-rich dilute seawater showed whole- 
body influx rates almost identical to those in control seawater. Drinking in sea bream larvae is directly 
dependent the external osmolarity, and was reduced 2.5-fold from the 100%SW group to the 0%SW 
group. Therefore the calcium entering the fish in the form of drinking water was about 50% of the 
total calcium entry in 150%SW exposed fish and 15% in 25%SW and 10%SW at 8 hours after the 
transfer from a 100%SW situation. In larvae exposed to media of reduced salinity but with the original 
seawater calcium concentration the amount calcium taken up via the intestinal and the extra-intestinal 
routes was similar. Chloride cells were observed in the surface of head, trunk and fins, suggesting that 
they may play an important role in extra-intestinal calcium uptake. Sea bream larvae are able to 
accommodate their calcium transporting mechanisms to the environmental conditions to preserve and 
increase whole body calcium contents. The contribution of the intestine to the overall calcium uptake 
in diluted seawater and freshwater is negligible and extra-intestinal mechanisms ensure sufficient 
calcium uptake in calcium-depleted environments. However the intestinal contribution may be 
relevant in seawater-adapted larvae.
With:
Juan Fuentes, Gert Flik, Adelino V.M. Canario and Deborah M. Power
In preparation
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INTRODUCTION
Calcium is essential for a number of vital processes from bone formation to the 
modulation of permeability and excitability of membranes. As minute changes in circulating 
calcium can have a marked effect on neural, cardiovascular and muscular function, the 
maintenance of circulating calcium within narrow limits is fundamental and a constant supply 
of calcium must be ensured to the body. The ability of adult teleosts to maintain constant 
plasma calcium levels in diverse calcium environments has been well documented (Pang et 
al., 1980; Flik et al., 1995). In early life stages of fish, the uptake of calcium is of increased 
importance, as skeleton and other bony parts essential for survival are undergoing 
development. In the sea bream (Sparus aurata), a marine teleost widely cultivated in southern 
Europe, the development of the skeleton initiates with the formation of a cartilaginous 
template, followed by gradual mineralization (Faustino and Power, 1998, 1999, 2001). The 
onset of this process takes place a few days after hatching and ossification of the vertebral 
column (Faustino and Power, 1998), fins (Faustino and Power, 1999) and cranial complex 
(Faustino and Power, 2001) continues during the first 70-90 days post hatch. Scales, covering 
the hitherto naked fish skin, are formed during the later stages of larval development and 
mark the transition to the juvenile stage.
Bone mineralization relies on calcium availability in the extracellular fluids. Unlike 
terrestrial vertebrates, which obtain calcium exclusively from the diet and absorb it through 
the intestinal wall, freshwater and marine fish live surrounded by a readily available source of 
calcium. The water-exposed epithelia, such as the gills and skin, together with the intestine, 
play a fundamental role in calcium uptake, together with the kidney, which is involved in 
excretion (Flik and Verbost, 1993; Flik et al., 1995). Calcium availability in the environment 
may be variable and generally parallels changes in external salinity. This means teleosts 
occupy both hypo- and hypercalcemic environments and a calcium gradient always exists 
between the internal and external environment (Bjornsson et al., 1999). The capacity to 
maintain a constant ion concentration and osmolality of body fluids despite a varying external 
environment develops early and studies indicate embryos and larvae have a capacity similar to 
that of adult fish (Alderdice, 1988). Studies have shown that the early developmental stages of 
freshwater fish regulate ionic gradients between their body and the ambient water by 
excreting sodium chloride or absorbing calcium (Guggino, 1980a; Alderdice, 1988).
Recently, Hwang et al. (1996) and Chou et al. (2002) have studied the regulation of 
calcium balance in freshwater tilapia larvae acclimated to low-calcium environments and have
24
Ambient calcium determines calcium uptake
proposed that this process depends on the developmental stage, suggesting that modulation of 
calcium fluxes in tilapia is closely correlated with levels of body calcium content.
Seawater fish tend to gain ions such as sodium and chloride through diffusion and to 
loose water by osmosis. Control of water balance is, therefore, another fundamental process in 
osmoregulation in larvae either in freshwater or seawater (Guggino, 1980b) and the regulation 
of drinking in relation to external salinity has been described in the larval stages of halibut 
(Tytler and Blaxter, 1988a), plaice, herring (Tytler and Blaxter, 1988b), cod (Mangor-Jensen 
and Adoff, 1987; Tytler and Blaxter, 1988b), rainbow trout (Tytler et al., 1990) and tilapia 
(Miyazaki et al., 1998; Lin et al., 2001). Drinking seems to play a key role in osmoregulation 
in marine larvae, since they are able to drink before the development of a functional anus and 
gills (Tytler and Blaxter, 1988a, 1988b).
In this study we have examined calcium uptake and drinking in sea bream larvae in 
response to short-term exposure to altered environmental conditions. Fish were submitted to 
abrupt changes in ambient salinity and calcium concentrations or transferred to media with 
low-osmotic strength but with a high calcium concentration. The results suggest that sea 
bream larvae modulate their calcium uptake mechanisms but depend to a certain extent on the 
external calcium concentration. Moreover, changes in whole body calcium uptake are 
partially driven by alterations in drinking rates which occur within a few hours of salinity 
challenge.
MATERIAL AND METHODS
Fish
Sea bream larvae (Sparus aurata L.) were reared from fertilised eggs, according to 
standard procedures at IPIMAR (Olhäo, Portugal). Whole body calcium content was 
measured in specimens collected every 5 days from 20 days post-hatch (DPH) to 75 DPH and 
then at 120 DPH (n>10 individuals per age). Larvae were collected prior to feeding, weight 
was recorded using a microbalance (Sartorius) and larvae were digested in concentrated 
(70%) nitric acid (Aldrich) and total body calcium content of each individual determined by 
means of Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-AES; Plasma 
IL200 Thermo Jarell Ash) analysis. Data are expressed as |imol.
For size/age related calcium uptake studies, sea bream larvae (30-60 DPH) were 
obtained from local commercial sources and stocked in 200L rearing tanks in a semi-closed 
full strength seawater system (salinity 36 %o, temperature 20°C). For experiments in altered 
salinity 45 DPH animals were used. Full strength seawater was diluted using double distilled
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water (Millipore MQ) to obtain the desired reductions in salinity. To raise the salinity or 
calcium and sodium levels to concentrations identical or above those of full strength seawater 
either marine salt (Instant Ocean, Aquatic Systems), calcium chloride (Sigma) or sodium 
chloride (Sigma) was added to obtain the desired salinity and ionic composition (Table I 
chemical properties of the experimental media, analysed by atomic absorption 
chromatography).
Calcium influx
Fish were transferred to 25-ml vessels with aerated seawater, and 45CaCl2 (NEN) was 
added to the water (final activity of 3.7KBeq/ml). After the chosen duration of the experiment 
(typically 4 hours), water samples were collected and fish were sacrificed using an excess of 
2-phenoxyethanol (0.5% v/v; Sigma), rinsed in tracer free water, weighed to the nearest 0.1 
mg, and digested with 100^l of 70% HNO3 (Aldrich, Sigma), neutralised with an identical 
volume of 2 M NaOH (Sigma) and bleached with 300^l of 35% hydrogen peroxide (Fluka, 
Sigma) to prevent colour quenching. Water calcium content was measured using a 
colourimetric endpoint assay (Sigma, assay No. 587). 45Ca in water and in digested larval 
samples was measured in a scintillation counter (Beckman, Model LS6000IC) after addition 
of OptiPhase HiSafe II liquid scintillation fluid (Wallac, Pharmacia). Calcium influx rate (IR) 
was calculated according to the following expression: IR= (Af -Cw)/(Aw-t-w), where Af is the 
total 45Ca activity in fish, Cw is the total calcium concentration in water, Aw is total activity in 
water, t is duration of exposure (h) and w is fish weight (mg). Calcium influx rates are 
subsequently expressed as pm ol.m g '\h '\
Drinking rates
Drinking rates were measured using 51Cr-EDTA (NEN) as a volume marker. Briefly 
51Cr-EDTA (3.7KBeq/ml) was added to the water and left to mix by aeration. At the end of 
the incubation period water samples were collected and larvae were sacrificed using an excess 
of 2-phenoxyethanol (0.5% v/v; Sigma), rinsed in tracer free water for 10 minutes, weighed to 
the nearest 0.1 mg, and radioactivity was then counted (Pharmacia Wallac 1470 Wizard 
gamma counter). Drinking rates (DR) were calculated as: DR= Af /(Aw-t-w), where: Af is the 
total activity of 51Cr-EDTA in the fish, Aw is the tracer activity in water (cpm/ml), t is the 
duration of exposure (h) and w is fish weight (mg). Results are expressed as n l.m g '\h '\
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Calcium influx time response
Experiments were carried out to determine the time dependence of radioisotope uptake 
in sea bream larvae to eliminate the effect of tracer backflux. Fish were transferred to 25-ml 
vessels with aerated water, and after 30 minutes, 45CaCl2 was added to the water in the 
conditions mentioned above; fish, in different tanks, were sampled at 2, 4, 6, 8 and 16 hours 
after radioisotope addition and processed as described before.
Relationship between size and whole body calcium influx in seawater larvae
To determine the effect of body size on calcium influx rate, sea bream larvae (5-150 
mg wet weight) were placed in vessels with seawater and 45CaCl2 was added and processed as 
described earlier. Analysis was carried out on the data of 5 different experiments which were 
pooled.
Effects o f environmental salinity on calcium influx and drinking rates
Series 1. Sea bream larvae (n>15 per group) were exposed to 100% seawater (SW), 
75%SW, 50%SW, 25%SW, 10%SW and 25%SW in 25 ml tanks. Four hours after transfer 
(HAT), 45CaCl2 was added to the water as described before. Four hours later the fish were 
sacrificed, weighted and dissolved as described before and calcium influx rates were 
determined.
Series 2. Larvae were exposed to either 100%SW (4 groups, n>15) or 50%SW (3 
groups, n>15) in 25ml tanks and 45CaCl2 was added. Larvae were collected at 2, 4, 8 and 16 
HAT to 100%SW and at 4, 8 and 16 HAT for 50%SW and processed as described above.
Series 3. Sea bream larvae (n=20-40 per group) were transferred from the stock 
rearing tank to 25 ml tanks containing the following media: 100%SW, 150%SW, 25%SW, 
10%SW, 0%SW, 100%SW plus CaCl2, 25%SW plus CaCl2, 25%SW plus NaCl, 10%SW 
plus CaCl2 and 10%SW plus NaCl (see Table 1 for ionic properties) for 4 and 20 hours before 
addition of 45CaCl2 and 51Cr-EDTA. At these time points, the water was spiked with the 
radiotracers. After a 4-hour incubation period in radioisotope containing media the fish were 
sacrificed with an over-dose of 2 -phenoxy-ethanol, rinsed with radioactivity-free water, 
weighted and digested as described above. Radioactive decay was measured for both 45Ca and 
51Cr and the whole-body calcium influx rates and the drinking rates for each individual fish 
were calculated.
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Mitochondria-rich cell distribution
Thirty-day old sea bream were collected from rearing tanks and allowed to swim in 
the dark in 10 ml seaweater containing 200-400 nM of the mitochondria selective fluorescent 
probe MitoTracker Red CMXRos (Molecular Probes, Europe), a derivative of X-rosamine, 
for 30-120 minutes. Fish were collected and rinsed in phosphate-buffered saline (PBS) and 
fixed in 4% (w/v) paraformaldehyde in 10 mM PBS (pH 7.2) at 4°C overnight.
MitoTracker was dissolved in DMSO to make a stock solution of 2 mM and stored in 
light-protected conditions at 0-4°C. Staining medium was prepared immediately before use by 
adding the dye stock solution to the seawater to obtain the desired final dye concentration.
A confocal laser-scanning microscope (CSLM, MRC-600, Bio-Rad) was employed to 
identify the mitochondria-rich (MR) cells. Larvae were rinsed three times with fresh 
Cortland’s saline and wet-mounted. Observation was carried out using argon laser emitting an 
appropriate excitation wavelength and a filter block selective for the emission wavelength of 
the MitoTracker (599 nm).
Statistical analysis
Data were analysed by one-way analysis of variance (ANOVA) followed by the 
Bonferroni multiple comparison t-test to identify groups that were significantly different from 
controls. Correlation between two variables was determined using the Pearson Product 
Moment method. The significance level was established as P<0.05 unless otherwise stated. 
Results are presented as mean ± SE.
RESULTS
Whole-body mineral content
Whole body calcium content was linearly correlated to body weight (r=0.993, 
P<0.0001, n=197). The total body calcium contents in full-strength sea water larvae ranged 
from 0.5 to 500 mg. This relationship is best described by Q=0.0502-W12488 nmol, where Q 
represents the calcium content and W the body weight of larvae as shown in a full-logarithmic 
plot of the results (Figure 1A). The calculated slope of the regression line (1.2488) is close to 
1 , indicating that the size of the total body calcium pool is directly related to body weight.
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Table I. Ionic composition and chemical properties of the several experimental media, either composed of 
seawater, seawater supplemented with marine salt, seawater diluted in double distilled water, seawater diluted in 
double distilled water supplemented with calcium chloride or sodium chloride or double distilled water alone.
Ionic composition
Media
(%SW)
Salinity
(p.pt.)
Osmolality
(mOsmol/Kg)
Na+
(mmol/L)
Cl-
(mmol/L)
Ca2+
(mmol/L)
100% 35.5 1070 454 520 11.4
150% 55 1674 696 678 17.1
75% 26 825 339 389 8.6
50% 17 551 226 258 5.6
25% 9 268 123 175 3.2
10% 3.5 110 57 53 1.6
0% 0 3 14 13 0.5
100%+Ca 36 1097 442 534 17.6
25%+Ca 9.9 287 107 182 10.5
25%+Na 36 1107 541 535 3.1
10%+Ca 3.7 112 51 79 9.2
10%+Na 36 1101 502 527 1.5
Calcium influx time response
Intact sea bream larvae accumulated 45Ca at a constant rate for at least 16 hours. A linear 
increase in calcium uptake was found over the time course studied (data not shown) and 
therefore as the duration of all the experiments conducted had a similar or shorter time-span 
the results were considered to reflect initial velocity of Ca2+ influx.
Whole-body calcium influx and body weight
A plot, combining fish weight and normalized whole body calcium influx rates 
(pmol.mg'1 .h'1), indicates that calcium influx rates decrease with size/age (r0=-0.659). 
Moreover it appears that very young fish (around 5-20 mg) seem less able to strictly control 
calcium uptake, as a range from 160 to about 1300 pmol/mg-h' 1 was observed in smaller 
animals (Figure 1B). Since the size of matched fish used in the salinity challenge experiments 
varied between 10 and 50mg, it was possible to establish a relation between calcium uptake 
and body weight (Figure 2). A positive correlation was found between body weight and 
calcium influx in control fish (exposed to 100%SW), which can be described by the equation 
F100=1.424-W0730 (r0=0.632, P<0.001, n=84).
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Figure 1. (A) Full logarithmic plot of the relationship between body weight (W;mg) and whole body calcium 
content (Q; ^mol). A significant correlation was observed between log10(W;mg) and log10(Q; ^mol) (r=0.993, 
P<0.0001, n=197). Total body calcium for full-strength sea water sea bream larvae ranging between 0.5 and 500 
mg can be explained by the power function Q=0.0502-W12488 ^mol calcium. (B). Influence of fish size (mg) on 
normalized whole-body calcium influx rates (pmol.mg-1.h-1).
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Wet weight (W;mg)
Figure 2. Relationships between whole-body calcium influx rates (nmol.h-1) at different SW strengths and fish 
body weight (mg) for fish ranging from 10 to 50 mg. Significant positive correlations between influx and body 
weight were observed in all salinities tested. Round black dots represent fish in control situation (100%SW), and 
the respective correlation curve is described by F100=1.424-W0'730 (r0=0.632, n=84). Inverted open triangles are 
representative of larvae exposed to 25%SW (F25=0.918-W0'696, r0=0.515, n=76) while gray squares indicate 
larvae transferred to 10%SW (F10=0.438-W°'83°, r0=0.711, n=48). Significance level was P<0.001, dotted lines 
indicate the 95% confidence intervals.
A positive correlation between body weight and calcium influx was also observed in 
larvae exposed to a salinity of 25%SW and 10%SW and is described by the formulas 
F25=0.918-W0-696 (ro=0.515, P<0.001, n=76) and Fi0=0.438-Wa830 (10=0.711, P<0.001, n=48) 
respectively. Although not presented in the figure a significant positive correlation also 
existed between influx rate and body weight in fish transferred to 150%SW and 0%SW, the 
correlation coefficients are Fi50=1.887-W0789 (r0=0.700, P<0.001, n=21) and F0=0 .0 1 2 -WL480 
(r0=0.828, P<0.001, n=17) respectively.
Response to reduced salinity
Whole-body calcium uptake decreased in a stepwise fashion when fish were 
transferred and maintained for 8 hours at successively lower salinities (Figure 3A). Recorded 
rates were 942±49 pmol.mg-1 .h-1 at 150%SW and 637±23 pmol.mg-1 .h-1 at 100%SW, 539±35
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pmol.mg-1.h-1 at 75%SW, 435±55 pmol.mg-1 .h-1 at 50%SW, 331±15 pmol.mg-1 .h-1 at 
25%SW, 257±14 pmol.mg-1 .h-1 at 10%SW and 61±5 pmol.mg-1 .h-1 at 0%SW.
Mortality
(%)
Media
8 hour 
exposure
24 hour 
exposure
100%SW 3 7
150%SW 35 62
25%SW 6 7
10%SW 9 15
0%SW 51 N.D.
100%SW+Ca 6 7
25% SW+Ca 10 11
25% SW+Na 70 85
10% SW+Ca 14 21
10% SW+Na 100 100
Table II. Cumulative mortality recorded in the 
several experimental groups 8 and 24 hours 
after the transfer to the media shown in Table I. 
(N.D. - not determined).
The time-course response to a 50% reduction in the ionic strength of the surrounding 
media occurs between 4 and 8 hours after the onset of the exposure. As presented in Figure 
3B, larvae exposed to 100%SW and 50%SW have similar whole-body calcium influx rates at 
4 HAT (694±82 vs. 701±95 pmol.mg-1 .h-1). However at 8 HAT the influx rates are already 
significantly different, 625±62 pmol.mg-1.h-1 for the full-strength seawater group and 435±55 
pmol.mg-1.h-1 for the diluted seawater larvae. This difference is increased at 16 HAT, at which 
time the influx rate for the 50%SW group is less than half the initial value which was 
equivalent to that found in100%SW fish (251±17 vs. 694±64 pmol.mg'1.h' 1 respectively).
Transfer to changed environmental salinities and Ca and Na concentrations
The whole-body calcium influx rates were determined in fish exposed to altered 
salinities and calcium and sodium concentrations (Table 1) for 8 (Figure 4A, C and E) and 24 
hours (Figure 4B, D, and F). Fish transferred to 150%SW showed significantly higher 
calcium influx rates than the control group at both 8 and 24 HAT while groups exposed to 
25%SW, 10%SW and 0%SW had significantly lower influx rates, which decreased
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Figure 3. (A) The effect of salinity on whole-body calcium influx rates (pmol.mg-1.h-1) in sea bream larvae (10­
50 mg) exposed to variable seawater strengths for 8 hours. (100%SW). (B) Time-course of calcium influx rates 
in fish maintained at 100%SW (filled circles) or those transferred to 50%SW (open circles) for a 16-hour period. 
Each point represents the average values of 15-20 fish. Vertical lines indicate standard error and asterisks 
represent significant differences (* P<0.05; ** P<0.001) from corresponding controls at a given time.
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progressively with increased dilution of the media. Fish exposed to 100%SW to which CaCl2 
was added (final calcium concentration of 17.6 mM), present calcium influx rates similar to 
those of the group immersed in 150%SW (Figure 4A, B).
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Figure 4. Effects of salinity, environmental calcium and sodium concentration on whole-body calcium influx 
(pmol/mg.h-1) in sea bream larvae exposed for 8 hours (left, A,C,E) and 24 hours (right, B, D, F). Graphs show 
the effects of high salinity and/or high-calcium concentration (A, B), or illustrate the effects of environmental 
calcium and sodium concentrations after 4-fold (C, D) or 10-fold (E,F) reduction in seawater strength. Each bar 
represents the average and standard error values of 20-40 fish. Identical letters indicate groups that do not differ 
statistically. Significance level was (P<0.001). The cross indicates 100% mortality before the end of the 
experiment.
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Transfer to dilute SW containing the full-strength seawater calcium concentration 
(25%SW+Ca and 10%SW+Ca) results principally at 8 HAT (Figure 4C, E) in a reduction of 
calcium uptake relative to the full-strength seawater group. However, these values are 
significantly higher than their salinity controls (25%SW and 10%SW). At 24 HAT (Figure 
4D, F), calcium uptake values for the 25%SW+Ca and 10%SW+Ca groups are identical to 
those of the 100%SW group, which has a similar calcium concentration.
Exposure of sea bream larvae to environments of reduced overall ionic composition 
but with increased NaCl concentration (25%SW+Na and 10%SW+Na) resulted in high 
mortality, which was most severe in the 10%SW group supplemented with Na: all fish 
transferred to 10%SW+Na died within 2 HAT. The fish exposed to 25%SW+Na also suffered 
relatively high mortality (Table 2) and those that survived had calcium influx rates similar to 
their respective controls (25%SW) at both 8 and 24 HAT. Interestingly, fish transferred 
directly to 0%SW were able to adjust better than fish in 10%SW+Na, and 50% of the initial 
group placed in 0%SW survived until the end of the 8-hour period.
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Figure 5. Drinking rates in fish exposed to 
media with different salinity. Each bar 
represents the average and standard error 
values of 20 or more individuals. Asterisks 
indicate significant differences (** P<0.001) 
from control group (100%SW).
Drinking rates and extra-intestinal calcium uptake
Drinking rates of fish maintained at 100%SW were correlated with body weight 
(r0=640, P<0.001, n=84). However this relationship was not so evident when fish were 
transferred to diluted SW (data not shown). Salinity and drinking are clearly correlated 
(r0=0.660, P<0.01). A marked salinity-dependent reduction in drinking was observed at 8 
HAT (Figure 5). Fish that were exposed to media with lower salinities exhibited drinking 
rates that were significantly lower than those of control fish. Fish exposed to 150%SW had 
drinking rates that were slightly higher but not statistically different from those kept at
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100%SW. Drinking at 0%SW was significantly reduced in relation to all other tested media. 
After 24 of exposure the relative situation was similar to that of 8 HAT.
Calcium imbibed was estimated from the drinking rate and extra-intestinal (most 
likely branchial) contribution to the whole-calcium uptake was calculated. These calculations 
are presented for fish collected at 8 HAT (Figure 6A) and 24 HAT (Figure 6B). The amount 
of calcium imbibed is dependent on the drinking rates and environmental calcium 
concentration and it is likely that the contribution of the intestinal route for the whole-body 
calcium uptake will change accordingly. Extra-intestinal contributions are higher in media 
with lower salinity and less calcium (accounting for up to 93% of whole body calcium entry 
in 10%SW and 0%SW and for about 82% in the 25%SW and 25%SW+Na groups). In 
contrast, the extra-intestinal contribution in fish exposed to 100%SW, 100%SW+Ca and 
150%SW is only about 55%. Interestingly these values are similar to those in fish transferred 
to media with normal calcium concentrations but decreased salinity.
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Figure 7. Relationship between average values of whole-body, intestinal and extra-intestinal calcium uptake and 
the environmental calcium concentration. There is a significant positive correlation between whole body calcium 
influx and environmental concentration (correlation coefficient was 0.933, grouped n=17 of 424 individual 
measurements). Significance level was P<0.0001, dotted lines indicate the 95% confidence interval.
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A plot of the average calcium influx rates of all these groups against their respective 
water calcium concentration (Figure 7) reveals a significant positive correlation (r0=933, 
P<0.0001, overall n=424) between these two parameters. The data also demonstrate that 
ingested calcium, while intimately associated with drinking was highly related to the available 
environmental calcium (r0=0.975, P<0.001) and salinity (r0=0.894, P<0.001) and large 
changes in total calcium imbibed depended on the immediate environment. The environment 
had less, but a still important (r0=0.800, P<0.001) influence on the extra-intestinal 
contribution to the overall calcium uptake. These results indicate that whole body calcium 
influx rates in sea bream larvae are influenced by the ambient calcium concentration.
Mitochondria-rich cells distribution
Mitochondria-rich cells (MR-cells) were found in the trunk, head and fins of 30-day 
old sea bream larvae (Figure 8). The highest density of MR-cells occurred in the opercular 
and branchial region (not shown) and in the membranes in between the fin rays. The heart 
cells also contained a massive concentration of MR-cells.
Figure 8. Confocal laser-scanning micrographs showing fluorescence emitited by the mitochondria selective 
probe MitoTracker. It is possible to appreciate distribution and relative quantity of mitochondria-rich cells in 
different areas of the body of 30-day old sea bream larvae: (A) high magnification of the rostral area showing 
concentration of MR-cells; (B) the lower part of the head featuring MR-cells around the eye, jaw and operculum; 
(C) detail of the interior epithelia of the opercular membrane showing abundance or MR-cells; (D) detail of the 
posterior area of the head where it is possible to notice high concentration of fluorescent signal produced by the 
heart; (E) detail of the caudal fin featuring MR-cells in the membranes in between the fin rays.
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DISCUSSION
One of the most relevant findings of the present report is the fact that sea bream grown 
in full-strength seawater show a linear increase in body calcium content, indicating a constant 
calcium accumulation despite the fact that calcium uptake, when normalized to the body 
weight, decreases with increasing size (Figure 1 A and B). This indicates that these small fish 
are able to regulate there calcium uptake in order to comply with the calcium demands of their 
normal physiological processes as well as the extra-demand imposed by the intense 
calcification period. Maintenance of a steady calcium accumulation seems to be a very 
important process in fish, since animals adapted to low-calcium environments are capable of 
modulating transport mechanisms to sustain similar or greater accumulation rates of body 
calcium content during growth (Flik et al., 1986a; Hwang et al., 1996; Vonck et al., 1998; 
Mol et al., 1999; Chou et al., 2002).
Marine fish larvae are known to be remarkably tolerant to a wide range of salinity and 
maintain ionic constancy of body fluids despite the large gradient between the inner and outer 
media (Alderdice, 1988). In many cases they are also able to accommodate to rapid changes 
in the osmotic properties of the surrounding environment (Caberoy and Quinitio, 2000; 
Nordlie, et al., 1982; Varsamos et al., 2001; Tytler and Blaxter, 1988; Peterson et al., 1996).
The sea bream is a marine species that spawns offshore and larvae and juveniles 
migrate to nursery grounds in coastal waters and estuaries where the may encounter 
fluctuations in the environmental salinity. This means that in order to develop normally sea 
bream larvae need to be able to compensate for changing salinity and calcium availability. 
The ability of larvae to adapt calcium uptake in response to changing environmental 
availability is important for development of the calcified skeleton which is essential for 
feeding, locomotion and protection and therefore survival (Faustino et al., 1998).
Whole-body calcium uptake
Influx rates in sea bream larvae are higher than those of juveniles (Guerreiro et al., 
2002). The higher capacity for calcium uptake (e.g. expressed in flux per body weight) in 
larva than in adult may be, at least partially, due to the larger surface-to-volume ratio of larva 
and/or the difference in epithelium permeability for calcium between larva and adult (Hwang 
et al., 1994). The present study clearly shows that size is a relevant factor determining 
calcium uptake. Although overall larger fish extract more calcium from the water, the quantity 
is proportionally less than in smaller larvae when influx is related to body size. Furthermore, 
the smaller and younger larvae show high variability in calcium influx (Figure 1B). Whether
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this reflects a reduced ability to control calcium entry or a wider tolerance to calcium changes 
remains to be determined. The results from the present study also imply that calcium flux 
rates are not necessarily directly related to body weight and agree with the questions raised 
about linear extrapolation of such data from large to small fish (Flik et al. 1996).
The correlation between size and calcium influx is maintained in larvae exposed to 
different salinities, despite the environment-related change in calcium uptake (Figure 2). 
There are no previous reports concerning the effects of abrupt transfer to hypo- and hyper­
osmotic environments on calcium balance in sea bream larvae. In juveniles of silver sea 
bream, abrupt hyposmotic exposure (from 33%o to 6%o) resulted in a decline in serum total 
calcium at 24 HAT and returned to pre-exposure levels by 120 HAT (Kelly et al., 1999). A 
similar effect was reported by Mancera et al. (1993) for the gilthead sea bream, with complete 
recovery occurring after 30 days, indicating that these fish are able to modulate transporting 
mechanisms to maintain calcium homeostasis. In sea bream larvae plasma parameters were 
not measured, but we found that animals exposed to dilute or hypersaline seawater showed 
progressively reduced or increased calcium uptake in relation to fish maintained in a control 
situation (100%SW; Figure 3A). Calcium uptake rate accommodates to the new conditions 
between 4 and 24 HAT, indicating a rapid response to changes in salinity and calcium 
concentrations (Figure 3B, 4). Furthermore, calcium uptake appears to depend on both the 
external calcium concentration and salinity, rather than environmental salinity alone, as fish 
exposed to calcium-rich dilute seawater showed whole-body influx rates similar to those in 
control seawater, while larvae in dilute seawater alone or supplemented with NaCl presented 
significantly decreased influx rates (Figure 4).
Few other studies have described the effects of environmental calcium on calcium 
uptake in fish larvae. Tilapia larvae acclimated to FW with a high or low calcium content are 
described to have a differential calcium influx when exposed to diverse calcium 
concentrations (Hwang et al., 1994). Tilapia larvae, in common with the sea bream larvae, 
had significantly lower calcium influxes immediately after transfer to water containing less 
calcium. Moreover, effluxes became progressively lower in the low-calcium group indicating 
calcium retention (Chou et al., 2002). These observations suggest that larval fish have the 
ability to accommodate their transporting mechanisms in response to changes in calcium and 
during the transfer to a low-calcium environment tilapia larvae were able to maintain a 
positive balance by modulating the calcium uptake kinetics (Hwang et al., 1996; Chou et al.,
2002).
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A surprising observation during the present experiments with sea bream larvae was 
that NaCl-supplementation of diluted SW to obtain 36g/L resulted in high mortality, 100% 
and 85% in 10%SW and 25%SW respectively. The meaning of such observations are 
uncertain but may indicate that the ratio between Na+ and/or Cl" and the other ionic 
components in water are essential for maintenance of normal physiology. Further work will 
clearly be required to establish why supplementation of dilute seawater with NaCl has such a 
lethal effect.
Drinking
External salinity and drinking are closely related since the dehydrating strength of the 
medium determines the amount of water necessary to replace osmotic losses occurring 
through the body surfaces (Fuentes and Eddy, 1997). Studies relating changes in the amount 
of water imbibed and environmental salinity have been performed in larvae of several marine 
or euryhaline species such as the herring, plaice and cod (Tytler and Blaxter, 1988) or the 
tilapia (Miyazaki et al., 1988; Lin et al., 2001) and all species decrease or increase drinking 
when exposed to lower or higher salinities respectively. The present results with sea bream 
larvae show a clear dependence of drinking rates on the external osmolarity during the 
adaptation of sea bream to low salinity environments (Figure 5). The values observed for the 
100%SW exposed sea bream were similar to those found in 35-days old herring at 32 %o 
(Tytler and Blaxter, 1988) and for 10-days old tilapia at 33.5 %o (Miyazaki et al., 1998). The 
drinking rate observed in fish transferred to 150%SW was slightly but not significantly higher 
than the control. Interestingly, fish adapted to 55%o in the Dead Sea drink less than their 
counterparts at 34%o, probably as a means to reduce salt intake (Skadhaug and Lotan, 1974).
The drinking rates recorded for sea bream larvae were greater than that of juvenile sea 
bream in 100% SW (around 5^l.mg-1 .h-1; Guerreiro et al., 2002), in agreement with previous 
observations in several freshwater and marine species (Perrot et al., 1992; Fuentes and Eddy, 
1997). The increased drinking rate in larvae may be a consequence of a more permeable 
integument and their larger surface-to-volume ratio relative to adults. Alternatively, it may be 
because drinking in larvae compensates for water loss and also provides a mechanism for 
intestinal absorption of ions, particularly in a stage when the gills are poorly developed. It has 
been proposed that the high drinking rate of yolk-sac trout larvae in freshwater may be related 
to calcium uptake in such stages (Tytler et al., 1990). A similar situation may occur with sea 
bream larva, since increased drinking is an effective mechanism to increase calcium 
availability and therefore uptake.
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Intestinal and extra-intestinal calcium uptake
Whole-body calcium influx can be separated in two main components, intestinal and 
extra-intestinal. In seawater fish, the amount of calcium that enters the intestinal tract in result 
of drinking is rather large, both due to high drinking rates and elevated calcium concentration 
in water (Sundell and Bjornsson, 1988; Flik and Verbost, 1993; Flik et al., 1995). There are 
no available data on calcium absorption from the intestine in larvae and only a few studies 
have considered this parameter in adult fish. Estimates of intestinal calcium uptake are 
variable and range from almost zero to 20% in seawater and freshwater tilapia respectively 
(Schoenmakers et al., 1993) and were 70% in the euryhaline flounder (Hickman, 1968). 
Sundell and Bjornsson (1988) estimated that the contribution of the intestine to overall 
calcium uptake corresponds to 40% in seaweater cod. Similar estimates in sea bream juveniles 
(Guerreiro et al., 2002) indicate that the intestinal absorption rate can reach 90%. Assuming 
an identical absorption rate in sea bream larvae, intestinal calcium transport could account for 
as much as 40% of the total calcium uptake (Figure 6), although the amount of calcium 
ingested will depend on the environmental ionic characteristics. For example, the calcium 
entering the fish in the form of drinking water is 50% of the total calcium entry in 150%SW 
exposed fish and 15% in the fish exposed to 25%SW and 10%SW at 8 HAT which 
corresponds to about 44%, 15% and 13% of the total calcium uptake. Larvae exposed to 
media of reduced salinity but with the original seawater calcium concentration showed similar 
proportions between the calcium taken up via the intestinal and the extra-intestinal routes 
while animals exposed to 25%SW with added NaCl, despite higher drinking rates, showed 
whole-body calcium uptake similar to those at 25%SW, keeping the same proportion between 
the two components.
The contribution of the extra-intestinal route to the overall calcium uptake was always 
larger than the possible maximum intestinal contribution but it was also modified by the 
environmental ionic properties (Figure 6). Larvae exposed to 150%SW had increased extra­
intestinal calcium compared to those in 100%SW, while reduction in salinity provoked a 
reduction in the uptake via this route. These results are in agreement with those obtained by 
Vonck et al. (1998) for branchial calcium influxes in juvenile tilapia raised at different 
salinities and water calcium contents. Assuming an invariable intestinal absorption rate of 
90% in our fish, the contribution of the extra-intestinal route will vary between 56% in 
150%SW to 94% in 0%SW at 8 HAT and in 10%SW at 24HAT. In lower salinities the extra­
intestinal component accounts for nearly all the calcium entry in the larvae. This observation 
is clearer after a 24-hour adaptation, and larvae re-adjust calcium uptake apparently by up-
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regulating the extra-intestinal calcium transport. These results support the proposal that a 
difference in calcium uptake strategies exists in freshwater and seawater teleosts (Flik and 
Verbost, 1993). For example, even assuming the highest possible absorption rate in the 
intestine of FW-adapted sea bream larvae this could only account for 5-10% of the total 
calcium uptake, while in SW-adapted sea bream larvae the calcium entry across the gut may 
account for 50% of total calcium uptake.
The correlation between whole body calcium uptake and environmental calcium 
concentrations (Figure 7) is highly suggestive of a dependence on calcium availability, as 
previously observed by Chou et al. (2002) in tilapia larvae. However, in the case of the sea 
bream this is mainly due to a high dependence of the intestinal route on environmental 
conditions. In fact fish in media with reduced salinity but with high calcium content showed 
high intestinal calcium intake, despite the decreased drinking rates. The mechanisms 
responsible for calcium uptake at the extra-intestinal level seemed to be only partially 
regulated by environmental calcium concentrations, since its contribution in fish exposed to 
diluted seawater to which the normal calcium concentration had been re-established, were 
similar to that observed in fish incubated in the diluted seawater alone (Figure 6).
In fish larvae, the chloride cells, the major site for calcium exchange in the fish 
external epithelia (Perry and Flik, 1988; Flik et al., 1995, 1996) are located throughout the 
body integument, namely in areas where the interface between the bathing water and the 
extracellular fluids is thin. As fish larvae develop the distribution of the chloride cells changes 
and they become restricted to the gills in juveniles (Wales and Tytler, 1996; Wales, 1998; 
Hiroi et al., 1998; Van der Heidjen et al., 1999b; Katoh, 2000; Kaneko et al., 2002). In thirty- 
day old sea bream larvae adapted to seawater the highest density of chloride cells (MR-cells) 
are present in regions with high calcium requirements such as the jaw and fin epithelia, which 
are undergoing mineralization (Figure 8). The identification of extra-branchial MR-cells in 
these regions, as well as in the trunk and opercular surface suggests in sea bream larvae they 
may play an important role in extra-intestinal calcium uptake. Further evidence to support 
such a proposal comes from studies with tilapia and red snapper larvae which demonstrate 
that environmental ionic composition significantly changes chloride cell number and 
characteristics (Ayson et al., 1994; Van Der Heijden, 1999b; Estudillo et al., 2000; Shiraishi 
et al., 2001; Kaneko et al., 2002). Moreover, in adult tilapia and mudskipper environmental 
calcium alone has been shown to evoke rapid morphological oscillations of the chloride cells 
in the gill and skin (Sakamoto and Ando, 2002), providing further evidence that extra­
intestinal calcium uptake can be modulated by the external concentration of this ion.
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In conclusion, the present study with sea bream larvae shows that body calcium 
content is correlated to fish weight and that whole-body calcium influx rates decrease with 
size and age. Moreover, sea bream larvae are able to accommodate their calcium transporting 
mechanism to the environmental conditions, in order to preserve and increase whole body 
calcium contents during periods of accelerated growth and high mineral demand. The 
contribution of the intestine to the overall calcium uptake in sea bream larvae in diluted 
seawater and freshwater is negligible and extra-intestinal mechanisms ensure adequate 
calcium uptake in calcium-depleted environments, although the intestine may be of 
importance in seawater-adapted larvae. Determination of intestinal calcium absorption rates 
will be essential to determine the relative importance of the gut to the total calcium uptake in 
sea bream larvae. The mechanism by which calcium is taken up remains to be elucidated but 
changes in salinity influence the process suggesting a mechanism involving or coupled to 
counter-ions.
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Cloning of the cDNA for Sea Bream (Sparus aurata) 
Parathyroid Hormone-related Protein
Abstract
This paper reports cloning o f the cDNA for sea bream (Sparus aurata) parathyroid hormone-related 
protein (PTHrP). The gene codes for a 125-amino acid mature protein with a 35-residue prepeptide. 
The total gene sequence is 1.8 kb with approximately 75% noncoding. The N-terminus o f the protein 
resembles mammalian and chicken PTHrP peptides with 12 o f the first 21 amino acids identical and 
for which there is homology with mammalian parathyroid hormone. Toward the C-terminus, the 
nuclear transporter region between residues 79 and 93 in sea bream is 73% homologous to tetrapod 
PTHrP, and the RNA binding domain, 96-117, is 50% homologous, moreover starting with the 
conserved lysine and terminating with the lysine/arginine sequence. Sea bream PTHrP differs 
significantly from mammalian and chicken PTHrP, having a novel 16-amino acid segment between 
residues 38 and 54 and completely lacking the terminal domain associated in mammals with inhibition 
of bone matrix lysis. RT-PCR and in situ hybridization of sea bream tissues show that the gene is 
expressed widely and the results confirm observations o f a PTHrP-like factor in sea bream detected 
with antisera to human PTHrP.
With:
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Cloning and expression of sea bream PTHrP
INTRODUCTION
Parathyroid hormone-related protein (PTHrP) affects a range of physiological 
functions and is involved in embryonic development and differentiation. The human, canine, 
murine, bovine, rat, and chicken PTHrP genes have been cloned (Suva et al., 1987; Rosol et 
al., 1995; Mangin et al., 1990; Wojcik et al., 1998; Karaplis et al., 1990; Thiede and Rutledge, 
1990; Schermer et al., 1991). Recently the genomic structure of puffer fish (Fugu rubripes) 
was described (Power et al., 2000).
The gene for human PTHrP is a single-copy gene but capable of transcription into 
three splice variants translating to peptides of 139, 141, and 173 amino acids (aa) (Suva et al., 
1987; Thiede et al., 1988; Mangin et al., 1989; Yasuda et al., 1989; Broadus and Stewart, 
1994). The three translation products of human PTHrP have identical N-terminal amino acid 
sequences and in this region they share close homology with all other known species’ PTHrP 
molecules.
As well as the similarities between N-terminus amino acids of all mammalian and 
avian PTHrP molecules so far analyzed, there is also homology with parathyroid hormone 
(PTH) in this region, with only incidental identity beyond residue 13. The N-terminal domain 
of each of the molecules is involved in binding to the receptor, common to both PTH and 
PTHrP (Juppner et al., 1991; Abou Samra et al., 1992; Schneider et al., 1993), in kidney and 
bone; these interactions mobilize calcium, enhance excretion of phosphate, and elevate serum 
calcium levels. The evolutionary origins of PTHrP and PTH are therefore of considerable 
interest since they share this very important common function but limited homology. PTH 
acts principally as an endocrine factor and is secreted only by the parathyroid gland. 
Parathyroid glands first appear as distinct organs in the amphibia in an evolutionary context 
associated with the adoption of terrestrial life. However, fish maintain calcium balance within 
strict limits whether they live in water of high or low calcium concentrations, implying that 
they have physiological systems controlling both hypo- and hypercalcemia. Hypocalcemic 
peptides, calcitonin and Stanniocalcin, have been identified in several species of fish (Flik et 
al., 1995; Wendelaar Bonga and Pang, 1991) but potential hypercalcemic factors have only 
been recognized immunologically using antibodies to mammalian PTH (Harvey et al., 1987; 
Kaneko and Pang, 1987; Fraser et al., 1991) and PTHrP. A PTHrP-like molecule has been 
detected in sea bream (Sparus aurata) pituitary and plasma (Danks et al., 1993) and saccus 
vasculosus (Devlin et al., 1996) and in tissues and plasma of an elasmobranch fish 
(Scyliorhinus canícula) (Ingleton et al., 1995), all using well-characterized antisera to human 
PTHrP peptides. Functional evidence for the presence of a hypercalcemic factor in fish
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pituitary had been provided much earlier by studies of Parsons et al. (1979) in which pituitary 
extracts of cod and eel rapidly increased plasma calcium in trout. These observations provided 
prima facie evidence of possible proteins similar to PTH and/or PTHrP in fishes. The 
definitive cloning of the cDNA for PTHrP of S. aurata confirms the presence of a gene 
capable of producing PTHrP-like protein(s). The cDNA sequence and deduced amino acids of 
Sparus PTHrP are reported herein and some observations on tissue distribution of gene 
expression, demonstrated by in situ hybridization and RT-PCR of extracted RNA, are 
presented.
MATERIALS AND METHODS
Extraction o f Nucleic Acids
Genomic DNA and total kidney RNA were extracted according to the method of 
Chomczynski and Sacchi (1987) using TriReagent (Sigma). Poly(A)+ RNA was purified using 
oligo(dT) cellulose chromatography (Pharmacia Biotech).
Kidney Library Construction
cDNA synthesis was carried out with 5 |ig of mRNA using the UNIZAP XR cDNA 
cloning kit (Stratagene), following the manufacturer’s instructions. The double-stranded 
cDNA was ligated into UNI-ZAP XR/EcoR1/Xho1/CIAP (Stratagene) and packaged into 
Gigapack Gold III packaging extracts (Stratagene). The resulting library contained 2 x 106 
primary recombinants.
Preparation o f 32P-Labeled Homologous Probe
Sea bream genomic DNA (0.1 ng) was amplified by PCR using 0.2 |iM sense (5’ 
CAG CTG ATG CAY GAY AAR G 3’) and antisense (5’ CAA ACT CTT GTT NGT YTC 
YTG 3’) degenerate primers, 3 mM MgCl2, and 1.25 units of Taq polymerase (Promega); the 
expected product size was 240 bp. PCR cycling conditions were as follows: denaturation 
94°C for 2 min, followed by 5 cycles of 94°C for 60s, 45°C for 90s, and 72°C for 30s, and 35 
cycles of 94°C for 60s, 50°C for 60s, and 72°C for 30s, followed by a final extension step of 
72°C for 10min. PCR products were analyzed on a 2% agarose gel and visualized by staining 
with ethidium bromide.
The PCR product was purified using a Wizard PCR clean-up Kit (Promega) and then 
ligated overnight at 4°C into pGEM-T Easy vector (Promega). Escherichia coli JM109 cells 
were transformed and plated out onto LB-Amp according to the manufacturer’s instructions.
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Positive isolated clones were picked and used to inoculate into LB-Amp broths before 
purification of the plasmid DNA using a Wizard SV Kit (Promega). The sequence of the 
plasmid insert was determined using Dye Terminator DNA sequencing kit (Perkin-Elmer) 
and an AB Model 373A DNA sequencer. The sequence was confirmed as PTHrP-like by 
comparison with puffer fish (Fugu rubripes) PTHrP (Power et al., 2000) and BLAST search 
homologies. The sea bream kidney library was screened using a probe prepared by amplifying 
the PTHrP-pGEM-T plasmid using the primers and conditions outlined above. The PCR 
product was purified and labeled with [32P]-CTP using the Ready-to-Go kit (Pharmacia 
Biotech).
Screening
The 1.2 x 106 phages from the kidney cDNA library were incubated for 15 min at 
37°C with E. coli XL1 Blue MRF’ prior to mixing with melted top agar and pouring onto 
100-mm petri dishes. Following approximately 6 h of incubation at 37°C, the plates were left 
overnight at 4°C. The plaques were lifted in duplicate onto Hybond N paper (Amersham) 
before denaturation in 1.0M NaOH/1.5M NaCl, neutralization in 0.5M Tris-HCl/1.5M NaCl, 
pH 7.5, and washing in 6x standard saline citrate (SSC). The filters were allowed to air dry 
before fixing in a Stratalinker (Stratagene). The filters were prehybridized for at least 2 h in 
6x SSC, 0.1% SDS, 5x Denhardt’s, and 12 mg of tRNA (Calbiochem) at 50°C. 32P-labeled 
probe (see above) was added and hybridization continued overnight at 50°C.
The filters were washed first in 4x SSC + 0.1% SDS followed by 2x SSC + 0.1% SDS 
at 42°C until the cpm were reduced to 20-50. The filters were exposed overnight to X-ray 
film at -80°C. After three rounds of screening a single positive pfu was isolated. The 
phagemid was excised in vivo according to the manufacturer’s instructions. Phagemid DNA 
was extracted using an overnight culture and Wizard SV kit (Promega). The size of the cDNA 
insert (1.8 kb) was determined by digesting the phagemid DNA with EcoRI for 90 min at 
37°C and then visualizing the linearized DNA in a 0.7% agarose gel.
Sequencing
The phagemid was initially sequenced with T3 and T7 primers and a Dye Terminator 
DNA sequencing kit. Primers were then designed to “walk along” both strands, at 500-bp 
intervals, until the whole of the cDNA insert had been covered.
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In Situ Hybridization
Gene expression of PTHrP in Sparus was demonstrated in tissues fixed in sublimated 
Bouin-Hollande (Kraicer et al., 1967), using digoxygenin-labeled (DIG) oligonucleotide 
probes. Tissues were dehydrated through graded alcohols, cleared with xylene, and embedded 
in paraffin wax; sections were routinely cut at 4 mm and mounted on APES-coated slides.
Preparation o f Labeled Probes
Sense and antisense oligonucleotide probes (30-mers) were chosen from the cDNA 
sequence of Sparus PTHrP, between residues 38 and 47 (Probe 1), 102 and 110 (Probe 2), and 
10 and 19 (Probe 3). Probes were end-labeled with DIG using terminal transferase in a 
20-^l reaction volume: 12 |il DEPC water, 4 |il 5x TDT buffer, 1 |il (1^g) probe, 1 |il DIG- 
11-UTP (25 nmol), 2 |il terminal transferase (Gibco BRL). The mixture was incubated at 
37°C overnight and the reaction stopped by addition of 2 |il of 100 mM EDTA.
Labeled probe was purified using a 2-cm column of G25 Sephadex soaked in elution 
buffer (0.1x SSC + 0.1% SDS). The reaction mixture was added to the top of the column and 
washed in with 200 |il of elution buffer, and 10 successive aliquots were added to and 
collected from the column. To detect the fractions with labeled probe, 1 |il from each sample 
was spotted onto nitrocellulose paper presoaked in DEPC water and 20x SSC and blotted dry. 
The samples were fixed by baking for 1 h at 80°C or by ultraviolet irradiation. The dried 
nitrocellulose paper was rewetted with buffer 1 (0.1M Tris, 0.15M sodium chloride, pH 7.5). 
Nonspecific antibody binding was blocked by incubation in 1 ml of 3% bovine serum albumin 
(BSA) in buffer 1 for 30 min at room temperature, ca. 21°C (RT), before incubation with 
antiserum to DIG, diluted 1:500 in BSA/buffer 1 solution for 30 min at RT. The nitrocellulose 
membrane was then washed five times for 3 min each in buffer 1, with gentle rocking. 
Finally, the paper was equilibrated with buffer 2 (0.1M Tris, 0.1M sodium chloride, 0.05M 
magnesium chloride, pH 9.5) for 5 min. Colour was then developed at RT in a solution of 
buffer 2 containing 45 |il of NBT, 35 |il of BCIP, and a trace of levamisole. The samples 
containing labeled probe were then pooled, divided into 10 -^l aliquots, lyophilized, and 
stored at -20°C.
Hybridization Procedure
Sections were dewaxed and rehydrated through graded alcohols diluted with DEPC 
water. For prehybridization, slides were immersed in 25% deionized formamide in 3x SSC for 
60 min. A 20-^l aliquot of hybridization mix per section was prepared, each containing 1 |il
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of labeled probe. Control reactions included hybridization with sense probes or omission of 
labeled antisense probes; labeled poly(T) was used as a positive control. Sections were 
covered with glass coverslips and incubated at RT overnight. Coverslips were removed by 
soaking in 4x SSC then washed in 3x SSC twice for 15 min. Further, more stringent washes 
followed: 1x SSC and then 0.1x SSC for 5 min. Hybridized probe was detected by incubation 
with anti-DIG/AP-conjugated serum at 1:500 dilution in blocking solution for 2 h after 
blocking nonspecific reactions with a 2% solution of dried milk in buffer 1 for 30 min. After 
washing in buffer 1 and then buffer 2 , colour was developed by addition of a solution of 
NBT/BCIP and levamisole in buffer 2. Slides were incubated overnight at RT in a dark 
chamber. After washing in deionized water and running tap water, the sections were mounted 
in glycerogel.
RT-PCR o f Sparus Tissues
Tissues of adult fish were collected and immediately frozen in liquid nitrogen. Total 
RNA was extracted with TriReagent (Sigma) and total cDNA synthesized using oligo(dT). 
The quality of the cDNA was assessed by performing ß-actin PCR. PCR for PTHrP was 
carried out using homologous primers; the forward primer commenced at the beginning of the 
preprosequence 438-464 (5’ TGC TCT ATA GTA ATT CTT CAT CAT TGG 3’) and the 
reverse 876-906 (5’ GAC AAG AAG AGG AGG CGG GCA CGG TCT GTT 3’) was six 
bases in from the C’ terminus of the translated sequence. The PCR conditions were as follows 
in a total reaction volume of 50 |il: 5 |il of 25mM MgCl2, 5^l of 10x PCR buffer, 0.25 |il of 
Taq polymerase, 2.5 |il of cDNA, and 1 |il each of forward and reverse primers (50 pmol) and 
dNTPs (10 mM). The DNA was analyzed on a 1.5% agarose/ethidium bromide gel with a 1kb 
Plus DNA ladder (Gibco BRL) as a size marker.
RESULTS
Figure 1 shows the full cDNA sequence of Sparus PTHrP and deduced amino acids. 
The mature peptide is composed of 125 amino acids with a 35-aa prepeptide. The untranslated 
regions constitute about 75% of the whole sequence. The sequence has been submitted to 
GenBank and given the Accession No. AF 197904.
Clustal analysis by multiple sequence alignment comparing Sparus PTHrP with all other 
known PTHrP and PTH peptides is shown in Figure 2. There is a novel 16-amino acid 
segment between positions 38 and 54 which shares no homology with the heptapeptide in that
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1 GCTTCTAGTGCTGGACTGAACAACCCTCTCAGCTCTGCTCTCCAGCTCTCGCCACCAGAG 
6 1  AAGATGCTTCATCGTTACTCTTCATGAGATTACTGCACTGAGCGGAGTGGCAGATCTGCA 
1 2 1  AGCGGATGGGCTGCTGCTGCTCTTTCCATCTTTATCTCTCTTTTAATTGGGACGCTGGGG 
1 8 1  AGAAATAAATAGCTCAGCACACACTGTTGGGAGGCAAATGAATGGAACAGACTGACGGGG
2 4 1  GATTTCCCCAGGCTGCCTTCACACCAATGGACCTGGAAACAAGTTTTGAGCTGGCCAAAG
3 0 1  TTTATTTGGCAGAATAATGTTTCTTGTCGTTTTGTAAATTTGTTTTTGCAACAAGATCAT
3 6 1  CTTTTAAGAGCTTGCAGACTGATATTTTCTAGGACTTTCACAGTAAACATACATACCAT*A 
4 2 1  TCTTAGGCTCAAGG**
M C S I  V I  L H H W S L A  V F L L C S P
4 3 5  a t g t q c t c t a t a q t a a t t c t t c a t c a t t q q a q t c t q q c q q t q t t c t t q c t q t q c t c c c c a
V T L D G K P V D A L G S R T R R §S V S
4 9 5  g t g a c t c t t g a t g g g a a a c c a g t t g a t g c a c t t g g t a g c a g a a c g a g g a g g t c a g t g a g c
H A Q L M H D K G R S L Q E F K R R M W 
5 5 5  c a c g c c c a g c t g a t g c a t g a c a a g g g t c g c t c c t t a c a a g a g t t c a a g c g t c g t a t g t g g
L H E L L E E V H T A  D D R P V Q S R T 
6 1 5  c t g c a c g a g c t g c t c g a g g a g g t g c a c a c a g c c g a t g a t c g a c c t g t g c a g a g c a g a a c c
Q S Q T F S G N A L H E K P P G A  T K N 
67  5 c a g a g c c a a a c a t t c a g t g g c a a t g c c c t g c a c g a g a a g c c c c c a g g g g c c a c c a a g a a c
I  P D R F R L D R E G P N L P Q E T N K 
7 3 5  a t c c c t g a c a g g t t c a g g c t g g a c a g a g a a g g t c c t a a c c t g c c c c a g g a g a c c a a c a a g
A L A  Y K D Q P L K V A T K R K K K V R 1
7 9 5  g c t c t g g c t t a t a a g g a c c a a c c a c t t a a a g t g g c c a c a a a g a g g a a a a a a a a g g t g a g g
L G R R R E S D K K R R R A  R S V T T K 1
8 5 5  t t a g g c c g a c g t a g a g a g a g c q a c a a q a a q a q q a q q c q q q c a c q q t c t q t t a ca a c a a a g
E Q 125
9 1 5  g a a c a a  TGAATGATGCAGTACCACAGCAAAGAGACTCTGAACAGACTTTAAATGGTACTG
97 5 CGCTGAGACACTGACAAAGGTTCAACCAGACTGGGATCTGACAGACTCGATCCATCACTGA
1 0 3 5  CTCAGTTGCTTCACATCACGGGCCCAGGATTGTGCTTGTATAATATTTCGCTGTTTGTAT
1 0  9 5  TTTCAATCTCATAGTTCCTGAAGTTTTGTGAATTATCATCATAACATCTTCTTCAGTTCA
1 1 5 5  TATTTATTTGGAAAATCTGAAGACCTCTGTAATCCTGATTTACATCTTAACAATTCCATG
1 2 1 5  TGTTGTCATCTCTAACCAACCGTGTGATCAAGTAGATCATAGGAGGAACTATTTATTTCC
12  7 5 TGAATAATGTCATTATGTCAACTTCATGAACTTGGGAGGCTTAGTGGTCTACTTTTGTTG 
1 3 3 5  GCTCCATTTGTGTTAACTATCTTGGACTTACAGTTACATACAAACTGTTCAATGAATACA
1 3  9 5  TCTGTTGCATCTTTTTCATAATTTATTTCACTTTGAAAGTGTGTATTTATTTTGTGAATG
14 5 5  TATCTTGGTGCTGCTGACTAAATTCCGTAATGCACTTTAGTTATATCCTGTACATGTTCT 
1 5 1 5  TTTGTGGTTGAGTTTTGATTTGATGTTTCTTTTTGATGGTCCTGCTTTCCTTTCCCACCC 
1 5 7  5 TAGATTCCTAATGGACTTGTAACTTATTGGATGCTTCATCAAACCCACTCTCACCGTTTT 
1 6 3 5  ACATTATAGTTTATTTTTATAGAACAAGACCGAGACAGGGGCTCTCAGACTCATATAATG 
1 6 9 5  TTCTTCACTTGCACTGAGCGCATACTGTTCATGTTTCCAGTTAATCAACCATTAAAAGTG 
17  5 5  TAGTCATTAGAAACAAAAAAAAAAAAAAAAAA
3
23
43
63
83
Figure 1. Nucleotide and deduced amino acid sequences of Sparus aurata PTHrP cDNA. Both the 59 and the 39 
untranslated bases are printed in capitals. The translated codons are printed in lower case with the deduced 
amino acids above in capitals. The signal peptide begins at **, and § marks the beginning of the mature peptide, 
composed of 125 amino acids, all of which is from exon 3. * Marks the end of exon 1 and * to ** denotes the 
untranslated region of exon 2. The two sequences in italics and underlined were used as primers for the RT-PCR 
of tissue extracts; results are shown in Figure 5.
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region of mammalian and chicken PTHrP peptides. Sparus PTHrP has no conserved 
quadripeptide (RSAW, 108-111), common to all mammalian and chicken PTHrP peptides, 
although the ARS sequence of that region corresponds to the tripeptide of the chicken. There 
is significant homology in the N-terminus of all molecules; of the first 21 amino acids 6 are 
common to PTH and PTHrP of all species and 12 are identical (57%) in PTHrP molecules of 
all species. There are only incidental homologies between Sparus PTHrP and PTH peptides of 
other species beyond this N-terminus region. However, the similarities between sea bream 
PTHrP and other PTHrP peptides beyond the N-terminus show marked regional variations. 
Overall, the mature peptide shares 83% homology with the puffer fish PTHrP but only 37% 
homology with mammalian and chicken PTHrP and in the prepeptide it is only 27%. 
However, in the region responsible for RNA binding, 87-106 of mammalian PTHrP (Aarts et 
al., 1999) and 96-116 in Sparus, the homology is 50% and includes the important initial 
lysine sequence, terminates with the lysine/arginine sequence, and is arginine-rich (dotted line 
in Figure 2). Similarly, the sequence which has nuclear transporter function, 70-84 in 
mammals (Kaiser et al., 1992, 1994; Henderson et al., 1995), shares 73% homology with the 
sequence between amino acids 79 and 93 in Sparus PTHrP (continuous line in Figure 2).
A phylogenetic tree (Figure 3) illustrates the relative divergence between the known 
PTHrP and PTH amino acid sequences aligned in Figure 2. There is clear clustered 
aggregation of the terrestrial vertebrates PTHrP sequences. Sea bream and puffer fish PTHrP 
cluster together and there is relative divergence between the piscine and the mammalian or 
avian PTHrP sequences. All PTH sequences (underlined) aggregate in one group, well 
separated from the PTHrP clusters.
In situ hybridization of tissues of juvenile sea bream, using several homologous 
oligonucleotide probes, showed gene expression in a number of tissues, including gut 
epithelial cells, branchial epithelium, epidermis, pituitary, and renal tubules.
Figure 4 illustrates in situ hybridization in some tissues using the probe to the C- 
terminus region (Probe 2), but other probes, including the insert region (Probe 1), produced 
similar results. The epithelial cells of both the hind gut (Fig. 4D) and the epidermis (Fig. 4A) 
contain abundant message but it is restricted to only some tubules in the kidney (Fig. 4C). In 
the gills, expression is located principally in the crypt or “chloride cells” (Fig. 4E), and only 
some of the epithelial cells of the saccus vasculosus (Fig. 4B) express the gene. In the 
pituitary, gene expression was evident in the pars intermedia cells of the posterior pituitary 
surrounding the neurohypophysis. Control reactions using sense probes or omission of the 
antisense probe all failed to produce any hybridisation.
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PTHrP 33
Sea bream Mc s i v i l h hW&SLAVFLLC|SP|TLDOKPjIdalgsRIt r r sv Sha QLM
Puffer fish m csvvmlhqW|SLAVFLLC|SpV|TLDGKpjDAVSSfijMRRSVSHAQLM
Chicken Míjf tklfqqWSsfav f l l sys|Psy RSj^BEGISRISLKRAVSEHQLL
Dog - l r r l v q q w¡gvav f l l sys|PSC RS jEELGR JLKRAVSE HQLL
Bovine - lw r l v q qWJsvav f l l sysv PSC RsjEELGR jLKRAVSEHQLL
Human - qr r l v q qWJsvav f l l syav PSC RsjEGLSR IIKRAVSEHQLL
Mouse - lr r l v q q wJsvlv f l l sysv PSR RsjEGLGR IIKRAVSEHQLL
Rat - lr r l v q q wgSVLVFLLSYSVPSr RS EGLGR flLKRAVSEHQLL
L ¡EFKRRMw ]HE]LEEVHT
L Ie f r rrMw ]HK]LEEVHT
I d l r rrIif QN]IEGVNT
I d l r rrIff HH]IAEIHT
I d l r rrIff HH]IAEIHT
I d l r rrIff HH]IAEIHT
I d l r rrIff HH]IAEIHT
I d l r rrIff HH]IAEIHT
PTH
Chicken mTsTKNLAKAIVILYAICFFTNSdGRPMM------ k r sv s EMQLMHNL
Mouse mMs a n t v a k v m i i m l a v cLl t q t dGKPVr ------ KRAVSE IQLMHNL
Rat mMSASTMAKVMILMLAVC]LTQAdGKPVK------ KRAVSE IQLMHNL
Dog mMSAKDMVKVMIVMFAIC FLAKSdGKP|k ------ k r sv s EIqHmh NL
Bovine mMSAKDMVKVMIVMLAIC FLARSdGKSVK------ KRAVSE IQgMHNL
Human MIPAKDMAKVMIVMLAIC FLTKSDGKS|k ------ k r sv s EIQLMHNL
¡¡NLGKHLASMEI 
HLASVEI
I
GKHLSSMEI 
GKHLSSMEI 
GKHLNSMEI
QD QMK QDVH -
MQ RRK QDM!N
MQ RKK QDVI N
VE RKK QDVI N
VE RKK QDVI N
VE RKK QDVI N
Consensus
PTHrP
Sea bream
Puffer fish 
Chicken
Dog
Bovine
Human
Mouse
Rat
38
ADDR— PVQSRTQS
an e e a p p v q s r t q t
AEIR--------AT
AEIR--------AT
AEIR--------AT
AEIR--------AT
AEIR--------AT
Ae IR--------AT
54■
KPPGA
q t f sg nIslhe KPPGA
s e v spnI-- P KPATN
S EI^^-- S KPAPN
sevB N— sKPAPN
s e v spnI-- S KPSPN
S E l B N-- S KPAPN
S E l B N-- S KPAPN
101
¡RLDR
sLDR
I
GSED 
GSDD 
GSDD 
GSDD 
GSDD 
GSDD
DQPLKVAT RKKK
DQPLKLAT RKKK
EQPLKVSG -KKK
QPLKTPG -KKK
QPLKTPG -KKK
QPLKTPG -KKK
QPLKTPG -KKK
QPLKTPG -KKK
TKN
TKN
TKN
TKN
TKN
TKN
TKN
TKN
PTH
Chicken ------------------------------------ S— ALEDARTQRPRNKEjDIVLGEIRNRR]LPEHLRA
Mouse FVSLG-------------------------------VQMaAr DGSHQKPTKKeIeNVl|dGNPKSlIg------
Rat FVSLG-------------------------------VQMaArEGSYQRPTKKeIeNVl|dGNSKSlIg------
Dog FVALG-------------------------------A p|ia|hRDGSSQRPLKKeIdNVlVe SYQKSlG------
Bovine FVALG-------------------------------ASIaYr DGSSQRPRKKeIdNVlVe SHQKSlIg------
Human FVALG------------------------------- a PlApRDAGSQRPRKKeIdNVlI e SHEKsLg------
Consensus
PTHrP
Sea bream VRL RRR SDKKRRR
Puffer fish ARL RHR ADKKRRR
Chicken AKP KRK QEKKKRR
Dog GKP KRK QEKKKRR
Bovine SKP KRK QEKKKRR
Human GKP KRK QEKKKRR
Mouse GKP KRR QEKKKRR
Rat GKP KRR QEKKKRR
125
ITTKEQ-----------------------------
IAKEP------------------------------
AWLNSGMYGSNVTESPVLDNS— VTTHNHILR—  
AWLNSGVAESGLEGDHPYDIS— ATSLELNLRRH 
AWLTSYVAGTGLEEDYLSDIS— ATSLELNSRRH 
AWLDSGVTGSGLEGDHLSDTS— TTSLELDSRRH 
AWP— STAASGLLEDPLPHTS— RTSLEPSLRTH 
AWP— GTTGSGLLEDPQPHTSPTSTSLEPSSRTH
PTH
Chicken AVQKKSIDLDKAYMNVLFKTKP- ■
Mouse -------EGDkA dVDVLVKSKSQ-
Rat -------EGDmDVDVLVKAKSQ-
Dog -------EADkA dVDVLTKa KsQ-
Bovine -------EADkA dVDVLIKAKPQ-
Human -------EADKADVNVLTKAKSQ-
Consensus
Figure 2. Multiple sequence alignment of the known PTH and PTHrP peptide molecules. Amino acid identity 
between all PTH and PTHrP peptides is marked by an asterisk and identity between only PTHrP peptide amino 
acids is marked by a colon. 1 Marks the start site of the mature PTHrP peptides. The nuclear transporter 
sequence of mammalian PTHrP, amino acids 70-84, corresponds to Sparus PTHrP 79-93 and is marked by a 
dotted line. The RNA-binding sequence of mammalian PTHrP, amino acids 87-106, corresponds to residues 96­
116 of Sparus PTHrP, which are shown with a correspondent continuous line below. Human PTHrP 173 is not 
included in the comparisons.
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Gene expression could be detected in tissues derived from all germ layers by RT-PCR 
of extracted mRNA, although the overall expression was low. PTHrP expression is wide 
spread, and occurred in most of the tissues studied, namely in those related to ionic regulation. 
However, expression levels were quite variable among tissues. Some of the results, using the 
homologous primers shown in italics in Figure 1, which gave a product of 468 bp, are shown 
in Figure 5.
Figure 3. Phylogenetic unrooted tree based upon the sequences showed in figure 2. Distance between organisms 
indicate relative divergence in the amino acid sequences of PTHrP (not underlined) and PTH (underlined). Two 
major clusters are observed, one grouping the mammalian, avian and piscine PTHrP and the other composed by 
the mammalian and avian PTH. Fish PTHrP aggregate together and are relatively divergent from those of 
terrestrial vertebrates.
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Figure 4. In situ hybridization of tissues of juvenile Sparus using DIG-labeled homologous oligoprobes. (A) 
Epidermis in the gill region showing multiple layers of epithelial cells (E) in which there is abundant 
hybridization. There is no hybridization in the dermis beneath (D). (B) Saccus vasculosus with epithelial cells in 
some of which there is PTHrP probe hybridization (E), but none in the red blood cells (R) of the adjacent 
capillary. (C) A section of the kidney in which some tubules express the PTHrP gene (K) while there is no 
hybridization in others (T). (D) Epithelium of the hind gut (H) showing abundant hybridization in the basal 
region of the lining cells. (E) Section of gill rays showing that the crypt or “chloride” cells (C) hybridized with 
the DIG-labeled probe but chondrocytes of the gill bar (B) did not.
DISCUSSION
The cloning of the cDNA for PTHrP of S. aurata confirms previous observations of a 
PTHrP-like immunoreactive peptide in this teleost fish (Danks et al., 1993). There appears to 
be only a low number of transcripts (1  of 1 .2  x 106 ), at least in normal, unstimulated tissues, 
which has made the isolation of the specific clone difficult. It is likely that the half-life of 
Sparus PTHrP is similar to that of other species’ PTHrP mRNA, approximately 2 h, so that at 
any one time the concentrations are low. Moreover, in a piece of tissue, in this case the kidney 
used for constructing the cDNA library, only a small proportion of cells appeared to express 
the gene when examined by in situ hybridization. This may also partly explain the differences
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in the RT-PCR results compared with apparent concentrations in fixed tissue demonstrated by 
in situ hybridization; moreover, the probable short half-life of
PTHrP mRNA will have to be carefully considered in later quantitative studies. The 
presence of PTHrP mRNA in pituitary pars intermedia cells also confirms previous detection 
of irPTHrP in similar cells. The cross-reactivity between the original antibody to human 1-16 
PTHrP and the Sparus tissue may be explained by the sequence homology between human 
and Sparus PTHrP at the N-terminus, but does not preclude the possibility of an additional 
peptide in Sparus resembling mammalian PTH, although no specific antiserum to human PTH 
could be shown to react with Sparus tissues (Danks et al., 1993).
Figure 5. RT-PCR of Sparus tissue extracts. RT-PCR products using primers as shown in Fig. 1 were 
fractionated on a 1.5% agarose gel and stained with ethidium bromide. M, molecular weight markers; lanes: (1) 
white muscle; (2) red muscle; (3) snout epithelium; (4) thymus; (5) gill filament; (6) spleen; (7) opercular 
epithelium; (8) aorta; (9) liver; (10) saccus vasculosus; (11) scales; (12) pituitary; (13) gill cartilage; (14) 
oesophagus; (15) skin; (16) urinary bladder; (17) heart; (18) brain; (19) gall bladder; (20) kidney; (21) head 
kidney; (22) rectum; (23) intestine; (24) gonad: (25) 5 days post-hatch larvae and (26) negative control.
The amino acid sequence of Sparus PTHrP shows interesting regions of homology 
with mammalian and chicken PTHrPs, suggesting that particular functions of the molecule are 
of fundamental importance to vertebrate biology and have been retained throughout the 
evolution of vertebrates. The N-terminus sequence is essential for interaction between the 
PTHrP molecules and the common PTH/PTHrP receptor in bone and kidney of tetrapod 
vertebrates (Juppner et al., 1991), which is hypercalcemic. The similarity between Sparus and 
tetrapod PTHrP in this region also suggests that the fish PTHrP may have a similar function. 
Such an effect of the N-terminus 35 amino acids of Fugu rubripes PTHrP has been 
demonstrated in larval sea bream (Guerreiro et al., 1999). These amino acids in sea bream and
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Fugu PTHrP are identical in 32 of 35 positions, indicating that PTHrP is highly conserved 
between fish species (Power et al., 2000). The N-terminus, however, is not the only conserved 
region of the molecule because there is striking homology between the nuclear transporter 
regions of tetrapod (Kaiser et al., 1992, 1994; Henderson et al., 1995) and those of Sparus 
and Fugu PTHrP molecules, which also suggests an ancient and vital function throughout the 
vertebrates. Although this region makes up less than 10% of the entire molecule, its sequence 
conservation implies a fundamental function required for cell survival and one which may 
predate the evolution of fishes. Such a basic function may well explain the very widespread 
expression of the PTHrP gene in many adult and embryonic tissues in the sea bream and 
throughout the vertebrates (Ingleton and Danks, 1996). The nearby sequence 96-116 is highly 
homologous with the RNA binding region of mammalian PTHrP, 87-106 (Aarts et al., 1999), 
and contains the important core lysine motif, which is common to other RNA binding 
proteins. However, the fish peptide has interesting differences from mammalian and chicken 
PTHrP proteins, notably the insertion of a 16-amino acid sequence between the N-terminus 
PTH/PTHrP receptor binding region and the conserved nuclear transporter region. Clearly no 
parallels can be drawn regarding function of this domain with those of higher vertebrates and 
it is perhaps related to life in aquatic environments. Only sequence analysis of other piscine 
PTHrP genes will provide the necessary information on the ubiquity or otherwise of this 
inserted segment in aquatic vertebrates. Similarly, Sparus PTHRP, as well as the Fugu 
PTHrP, lack the C-terminal amino acid sequence of mammalian PTHrP, beginning with the 
sequence TRSAW, which is associated with inhibition of bone matrix lysis (Fenton et al., 
1991, 1993). The reliance of fish on hypocalcemic factors such as stanniocalcin and calcitonin 
has been noted previously (Flik et al., 1995) and perhaps this is due, in part, to the absence of 
a hypocalcemic moiety in fish PTHrP. Cloning the cDNA of Sparus PTHrP has provided an 
invaluable tool for investigating aspects of fish physiology, including control of calcium 
homeostasis, larval development, and differentiation, as well as information needed for 
analysis and understanding of genome evolution in vertebrates.
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C hapter
Parathyroid Hormone-related Protein is a Calcium 
Regulatory Factor in Sea Bream (Sparus aurata L.) 
Larvae
Abstract
The effects of a N-terminal peptide (amino acids 1-38) of Fugu parathyroid hormone-related protein 
(PTHrP 1-38) on calcium regulation of larval sea bream were investigated in sea water (36%o) and 
following transfer to dilute seawater (12%o). Exposure to PTHrP 1-38 evoked a 1.5 fold increase in 
calcium influx in both full-strength and dilute seawater. Calcium influx in dilute seawater-adapted 
larvae was roughly half of that observed in full-strength seawater controls. PTHrP 1-38 also reduced 
drinking of fish in seawater, but at all concentrations tested was without effect in dilute seawater. The 
amount of water imbibed was 55% lower in dilute seawater than in full seawater. PTHrP 1-38 
exposure affected the calcium influx route: the main contribution of calcium uptake shifted from 
intestinal absorption to extra-intestinal uptake, probably by the induction of a dose-dependent increase 
in branchial (active) transport. Moreover, seawater-adapted fish exposed to 1nM and 10mM PTHrP 1­
38 experienced a 2.5-fold reduction in overall calcium efflux. Overall, the calciotropic action of 
PTHrP 1-38 resulted in a dose-dependent increase in net calcium balance.
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PTHrP in fish calcium balance
INTRODUCTION
Unlike terrestrial vertebrates, fish generally live surrounded by a readily available 
supply of calcium and organs such as gills, opercular epithelium, skin and intestine, which are 
in permanent contact with water, are important surfaces for active transport of calcium (Flik et 
al., 1995). Although these iono/osmoregulatory tissues become only fully developed in the 
adult, the embryos and larvae of several species of both freshwater and marine teleost fish 
show osmotic and mineral homeostasis independent of ambient salinity and thus must have 
regulatory mechanisms (Alderdice, 1988).
The endocrine factors involved in calcium regulation in marine fish are still poorly 
understood. Pituitary hormones, such as prolactin, growth hormone and somatolactin (Fraser 
et al., 1991; Wendelaar Bonga and Pang, 1991), and interrenal hormones, such as cortisol 
(Flik and Perry, 1989), have been reported as having a function in calcium homeostasis. 
Similarly, calcitonin, produced in the gills and ultimobranchial gland, appears to participate in 
calcium regulation but its precise physiological role requires clarification (Oughterson et al., 
1995; Wagner et al., 1997, Wendelaar Bonga and Pang, 1991). Only stanniocalcin, produced 
by the corpuscles of Stannius, shows marked hypocalcemic actions in fish (Wagner et al., 
1998; Wendelaar Bonga and Pang, 1991). Hypercalcemic effects have been attributed to an as 
yet unidentified protein present in fish pituitary extracts (Parsons et al., 1978). In tetrapods, 
parathyroid hormone (PTH) is the classical hypercalcemic hormone, but PTH-related protein 
(PTHrP), a factor found in association with tumor cells (Moseley et al., 1987), also has 
hypercalcemic functions. Their amino acid composition is similar at the N-terminus and both 
bind to a common PTH/PTHrP receptor (Ingleton and Danks, 1996).
PTH has not been isolated in fish but (PTH)-like immunoreactivity has been described 
in the pituitary of several teleosts using human antisera (Fraser et al., 1991; Kaneko and Pang, 
1987). PTHrP has recently been demonstrated by radioimmunoassay in the plasma, pituitary 
and saccus vasculosus of sea bream (Sparus aurata) using antisera to the human peptide 
(Danks et al., 1993; Devlin et al., 1996). Immunoreactivity was also detected in several 
tissues of dogfish Scyliorhinus canícula (Ingleton et al., 1995), stingray Dasyatis akajei 
(Akino et al., 1998) and in the urophysis and corpuscles of Stannius of the euryhaline 
flounder Platichthys flesus (Ingleton and Danks, 1996).
The recent cloning of the PTHrP gene in the pufferfish Fugu rubripes (Power et al.,
2000) and the isolation of PTHrP cDNA in sea bream (Flanagan et al., 2000) have permitted 
functional studies of this hormone in fish. Piscine and tetrapod sequences of PTH/PTHrP 
show the highest homology at the N-terminus, which has been implicated in calcium
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transport, thus suggesting a conserved role in calcium metabolism (Flanagan et al., 2000; 
Power et al., 2000).
The present study investigated the role of PTHrP in calcium balance in sea bream 
larvae and shows that the N-terminus PTHrP acts as a potent calciotropic factor. This action is 
achieved in two different ways: by increasing integumental calcium uptake and by decreasing 
calcium loss from the fish into the water.
MATERIALS AND METHODS
Fish
Sea bream larvae 50 days post hatch considered to be in the late larval stage when the 
majority of the skeleton is calcified and the hypothalamus-hypohyseal system present were 
used in the experiments. They were obtained from local commercial sources (Algarve, 
Portugal) and stocked in 200 l rearing tanks in a semi-closed full strength seawater system 
(salinity 36 %o, 1100 mOsmol/kg, temperature 20°C). For experiments in diluted seawater 
(salinity 12 %, 380 mOsmol/kg, temperature 20°C), larvae were pre-adapted for 1 week prior 
to experimental manipulations.
Peptides and chemicals.
The N-terminal (1-38 amino acid) fragment of Fugu rubripes PTHrP (PTHrP 1-38, 
24) was synthesized by Sigma-Genosys Ltd. (Pampisford, UK). 51Cr-EDTA (96.2 
MBeq/^mol) and 45CaCl2 (14.8 MBeq/^mol) in aqueous solution were obtained from NEN 
Life Science Products (Lisbon, Portugal).
Calcium influx time response
Preliminary experiments tested the time dependence of tracer uptake in sea bream 
larvae in order to account for interference of tracer backflux. Fish (20-30 mg) were transferred 
to 20-ml vessels with aerated seawater and after 30 min enough 45CaCl2 was added to the 
water to give an activity of 3.7 KBeq/ml; groups of fish were sampled at 2, 4, 6, 8 and 16 h 
after tracer addition. Water samples were collected and fish killed by an excess of 
2-phenoxyethanol (0.5% v/v; Sigma, Madrid, Spain), rinsed twice with double-distilled water, 
weighed to the nearest 0.1 mg, and digested overnight with 35% H2O2 (Fluka, Sigma, Madrid, 
Spain). Seawater calcium content was measured using a colorimetric endpoint assay (Sigma, 
assay No. 587). 45Ca2+ in water and in digested larval samples was determined by liquid 
scintillation counting (Model LS6000IC, Beckman Instruments Inc., Fullerton, U.S.A.) after
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addition of OptiPhase HiSafe II liquid scintillation cocktail (Wallac, Pharmacia, Lisbon, 
Portugal). Calcium influx rate (IR) was calculated according to the following expression: IR= 
(AfCw)/(Awtw), where Af is the total 45Ca2+ activity in fish, Cw is the total calcium 
concentration in water, Aw is total activity in water, t is duration of exposure (h) and w is fish 
weight (mg). Ca2+ influx rates are expressed as pmol.mg.'1h'1. A linear increase of calcium 
uptake was found over the 16 hour time course studied (data not shown) and the 4 hour 
exposure chosen in all further experiments was considered to reflect initial velocity of calcium 
influx.
Relationship between size and calcium influx in seawater
To determine the effect of body size on calcium influx rate, sea bream larvae (5-150 
mg wet weight) were placed in 20-ml vessels with seawater and 45CaCl2 (3.7 KBeq/ml) was 
added and processed as earlier described. This experiment showed that fish weighing 30 mg 
or more had the smallest variation on calcium influx and that no significant differences were 
found among larvae ranging from 30-60 mg. Subsequently all experiments were carried out 
with larvae in this size interval.
Effects o f PTHrP on whole body calcium influx
Sea bream larvae were placed in 20-ml aerated vessels containing either full-strength 
seawater (36 %, 11 mM calcium) or diluted seawater (12 %, 4 mM calcium). Piscine PTHrP 
1-38 dissolved in water was added to the vessels in which larvae were held, to a final 
concentration of 0 (Control group), 0.1, 1 and 10nM. After 30-min exposure to peptide, 
45CaCl2 was added to the water and the larvae were left to swim freely for 4 hours. They were 
then sacrificed and processed, and calcium influx rates calculated as described above.
Effects o f PTHrP on drinking rate
To calculate intestinal and extra-intestinal contributions to whole body calcium 
uptake, drinking rates were measured using 51Cr-EDTA as volume marker (Fuentes and Eddy,
1996). In brief, larvae were placed in 20-ml vessels and left to settle. PTHrP 1-38 was added 
to water; 30 min later 51Cr-EDTA (3.7 KBeq/ml) was also added and left to mix by aeration. 
Four hours later, water samples were collected and larvae were sacrificed and processed as 
described earlier. Radioactivity was counted using a Wallac 1470 Wizard gamma counter 
(Pharmacia). Drinking rates (DR) were calculated as: DR= Af /(Awtw), where: Af is the total 
activity of 51Cr-EDTA in the fish, Aw is the tracer specific activity in water, t is the duration of
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exposure (h) and w is fish weight (mg). Results are expressed as nl.m g '\h '\ The combination 
of results of whole body calcium influx and the amount of water imbibed (i.e., drinking rate) 
allowed estimation of the contribution of intestinal and extra-intestinal uptake route to whole 
body calcium uptake.
Effects o f PTHrP on whole body calcium efflux
Seawater-adapted larvae were pre-loaded with 45Ca2+ by leaving them in 3.7 KBeq/ml 
45CaCl2 for 48 h in a 10 -l tank to achieve a constant specific activity of the readily available 
calcium pool in the larvae. Larvae were then randomly housed in 5-ml vessels and separated 
into 4 groups (n=14-16). PTHrP 1-38 was added to the water to give a final concentration of 0 
(Control), 0.1, 1 and 10 nM; 0.5-ml water samples were taken after 30 min and hourly 
thereafter for 4 hours. Larvae were then sacrificed and processed as before. Both water and 
fish samples were measured for 45Ca2+ radioactive decay. Whole body Ca2+ content was 
measured by colorimetric assay as described before. Calcium efflux rate (ER), was calculated 
as follows: ER=-(Aw.Cf)/(Aftw), where Aw is the final specific activity in water, Cf is the total 
calcium in fish (pmol), Af is the total specific activity of 45Ca2+ in the fish, t is time after 
addition of peptide (h) and w is fish weight (mg). Results are expressed as -pmol.mg'1 .h' 1 (the 
negative sign indicates loss of calcium from the fish).
Statistical analysis
Data were analyzed by one-way analysis of variance followed by the Bonferroni 
multiple comparison t-test to identify groups that were significantly different from controls. 
Normality and equal-variance of the data were tested using, respectively, the Kolmogorov- 
Smirnov test and the Levene Median test. The significance level was established as p<0.05 
unless otherwise stated. Results are presented as mean ± SEM unless otherwise specified.
RESULTS
Relationship between fish size and whole body calcium influx
A highly significant log-log relationship of the form log (calcium influx) = 3.52 -  
0.626 log (body weight) was found (r=0.79, n=109, p<0.0001) indicating that whole body 
calcium uptake (i.e., intestinal plus extra-intestinal) in sea bream larvae is highly dependent 
on body size.
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Effect o f salinity on whole body calcium influx and drinking rate
Sea bream larvae when transferred from seawater (36 %o) to diluted seawater (12 %o) 
showed 100% survival for the duration of the experiments. In larvae kept at reduced salinity 
for over a week, whole body calcium uptake decreased significantly (p<0.01) by 46% (see 
controls in Figure 1). These larvae also had a significant (p<0.05) 54% reduction in water 
intake (i.e., drinking rate) to 14 nl.mg"1 .h"1 compared with 26 nl.mg"1 .h"1 in seawater-adapted 
larvae (Figure 2).
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Figure 1. Whole-body calcium influx rate in 
response to different concentrations of PTHrP 1­
38, measured over a 4 h period in sea bream 
larvae (30-60mg) adapted to (A) full-strength 
seawater and (B) dilute seawater. Each group 
represents the mean±SEM of 20-25 fish. * 
Indicates significant difference from the 
respective control: p<0.05, one-way ANOVA. 
Note that scale in dilute seawater (B) is half of 
that in full-strength seawater (A).
30
25
20
'ra  15
10
30
25
20
ro 15 E
Control 0.1 nM 1 nM 10 nM
A
Control 0.1 nM 1 nM 10 nM
B
Figure 2. Drinking rates in sea bream larvae (30­
60mg) exposed during a 4 h period to different 
concentrations of PTHrP 1-38, adapted to either 
(A) full-strength seawater or (B) dilute seawater. 
Each bar represents the mean±SEM of 20-25 fish. 
* Indicates significant difference from the 
respective control: p<0.05, one-way ANOVA.
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Effect o f PTHrP on whole body calcium influx
Exposure of sea bream larvae to water-borne PTHrP 1-38 resulted in a pronounced 
and dose-related increase in whole body calcium influx both in full strength seawater (Figure 
1A) and in diluted seawater (Figure 1B). In saltwater, whole body calcium influx was 283±33 
pmol.mg'1 .h' 1 in control group and 444±35 pmol.mg'1 .h' 1 in the group exposed to 10nM 
PTHrP, resulting in an overall 1.6 fold increase (Figure 1A). In larvae adapted to diluted 
seawater, exposure to the same concentrations of water-borne PTHrP 1-38 evoked an 
equivalent effect, causing a 1.5-fold increase in whole body calcium influx in the 10nM 
PTHrP 1-38 group compared to the control group (Figure 1B).
Figure 3. Whole-body calcium efflux in 
seawater-adapted larvae (30-60 mg) in 
response to different concentrations of 1-38 
PTHrP measured over a 4 h period. Each 
group represents the mean±SEM of 14-16 
fish. * Indicates significant difference from 
the respective control: p<0.05, one-way 
ANOVA.
Control 0.1 nM 1 nM 10 nM
Effect o f PTHrP on drinking rates
Exposure to water-borne PTHrP 1-38 resulted in a significant decrease in drinking 
rates of larvae in full strength seawater (Figure 2A) with a maximum reduction of 27-35% in 
larvae exposed to 1 and 10nM (p<0.05). In fish adapted to diluted seawater, exposure to 
water-borne PTHrP 1-38 had no effect on drinking rates (Figure 2B).
Effects o f PTHrP on Ca2+ efflux rate and net flux in seawater
PTHrP 1-38 induced a significant dose-dependent reduction in whole body calcium 
efflux rates. Total efflux was reduced 1.7-fold in the 0.1nM PTHrP 1-38 group and 2.5-fold in 
the 1nM and 10nM groups compared to controls (Figure 3). The reduction in efflux combined 
with a positive and increased influx, resulted in a positive net gain in calcium, which, over the 
duration of the flux experiments (4 hours), increased up to 7-fold from the untreated fish to
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the higher dosage group. Calcium content of larvae after 4 h treatment were not significantly 
different and were respectively: 1.63 ± 0.094, 1.73±0.103, 1.79±0.106, 1.38 ± 0.092 
limol.mg' 1 in the 0, 0.1, 1 and 10nM PTHrP groups. Failure to detect significant differences in 
the calcium content of different groups is unsurprising when the sensitivity limits of the 
calcium assay is considered.
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Figure 4. Intestinal (solid bars) and extra­
intestinal (open bars) contributions to 
whole-body calcium influx. Calculations 
were performed by combination of the data 
shown in figures 1 and 2. * Indicates 
significant difference from the respective 
control p<0.05, one-way ANOVA. Note 
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DISCUSSION
The present study has identified for the first time that the N-terminal region of the 
recently identified piscine PTHrP (Flanagan et al., 2000; Power et al., 2000) is a factor that 
causes accumulation of calcium in larval sea bream. This calciotropic action was observed 
both in full-strength (36 %o) and in diluted (12 %o) seawater and was the result of stimulation 
of calcium uptake (i.e. influx) from the surrounding medium and a reduction in calcium 
efflux, at the same time that drinking rates were maintained (at 12  %o) or substantially reduced 
(at 36 %o).
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Effect o f salinity on drinking and calcium uptake
Previous studies have demonstrated that in juvenile and adult fish environmental 
calcium availability greatly affects how fish obtain calcium from the surrounding water. 
Studies on tilapia larvae (Hwang et al., 1996) and adults raised in fresh water (Flik et al., 
1986a), have shown that fish in low-calcium fresh water (0.2mM) experience a 1.3-4-fold 
increase in calcium influx relative to fish in normal fresh water (0.8mM). However, when 
juvenile tilapia were raised in full seawater, calcium influx rates were twice as high as those 
of tilapia raised in half-strength seawater and nearly 3 times more than tilapia raised in 25% 
seawater (Vonck et al., 1998). The results of the present study are in agreement with those 
observed with tilapia, and sea bream larvae in full-strength seawater show a whole body 
calcium uptake about 2-fold higher than that in larvae adapted to dilute seawater (Figure 1).
There are no previous reports on calcium balance in larvae of marine fish species, such 
as the sea bream. The results from this study are indicative, however, of the existence of 
alternative strategies for calcium regulation in marine and freshwater environments as has 
previously been proposed (Flik and Verbost, 1993; Van der Heidjen et al., 1999b). Calcium 
uptake occurs in fish through intestinal and extra-intestinal absorption (i.e., gills and skin) but 
the relative importance of the two routes in marine fish remains unclear. Whereas in 
freshwater the gills are probably the main route of calcium uptake (Flik and Verbost, 1993), 
marine fish actively drink and take up salts, and a larger role for the intestinal route might be 
expected. Existing studies show that intestinal absorption accounts for 20% of calcium uptake 
in tilapia (calculated from Schoenmakers et al., 1993) and 30% in Atlantic cod (Bjornsson 
and Nilsson, 1985; Sundell and Bjornsson, 1988).
Adaptation of sea bream larvae to decreased external salinity results in a 1.9-fold 
reduction in drinking rates, which is in keeping with a potentially less dehydrating 
environment. The drinking rates observed for larval sea bream in full seawater (Figure 2A) 
are similar to those observed for seawater-adapted 10-day-old tilapia (Miyazaki et al., 1998). 
In dilute seawater, the reduction in calcium influx was proportional to the reduction in 
drinking rates and the amount of imbibed water, indicating a lower contribution of intestinal 
calcium to total calcium uptake. An important role for the gut in calcium balance in sea bream 
larvae can be proposed, since subtraction of imbibed calcium from the whole-body influx in 
seawater larvae would result in an unlikely negative net calcium balance, (considering the 
calculated calcium efflux rates, Figure 3).
The absence in larvae of data on the percentage of the imbibed calcium that is 
absorbed in the gut, does not allow an accurate assessment of the contribution of intestinal
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calcium uptake to overall calcium balance. However, if the intestine absorbed 70% of imbibed 
calcium (values from adult southern flounder, Hickman (1968)), the intestinal contribution to 
calcium uptake in sea bream larvae would be 60% in full seawater and 30% in dilute seawater 
(Figure 4). The use of small larvae makes it technically difficult to collect blood plasma, the 
actual compartment from which calcium is lost to the environment (Flik et al., 1986a). As a 
consequence, our calculations of efflux based on whole body tracer specific activity (rather 
than plasma specific activity) may give an overestimation of efflux when significant non- or 
slow exchanging calcium pools develop in the fish. Therefore, results presented here are for 
whole-body calcium efflux and cannot be considered as direct estimates of integumental (i.e., 
skin and branchial) exchanges.
Effect o f PTHrP on drinking and calcium balance
The biological activity of PTHrP has largely been characterized in mammals and birds 
where it acts as a multifunctional factor involved in calcium transport, development and 
maintenance of muscle tone (Ingleton and Danks, 1996; Phillbrick et al., 1996). In aquatic 
vertebrates the biological activity of this hormone is unknown, although injections of high 
doses of heterologous hormone (human PTHrP 1-34), caused a reduction in whole body 
calcium uptake (Guerreiro et al., 1999), in a manner similar to that observed in freshwater- 
adapted tilapia exposed to bovine PTH 1-34 (Wendelaar Bonga et al., 1986). However, the 
results of experiments with heterologous hormone should be carefully interpreted, as the 
identity between the amino acid sequence of piscine and human N-terminal peptide is only 
57% (Flanagan et al., 2000; Power et al., 2000). Recently, several zebrafish Danio rerio 
PTHrP/PTH receptors with differing affinity for human PTH and PTHrP peptides have been 
cloned (Rubin and Juppner, 1999). However, the peptide used in binding and transactivation 
studies (Rubin et al., 1999; Rubin and Juppner, 1999) was based on an incomplete 1-32 amino 
acid sequence of Fugu rubripes PTHrP and the results should be also interpreted with caution.
The results from the present study suggest that PTHrP is a hypercalcemic factor in fish 
larvae. Exposure to 1 and 10nM piscine PTHrP 1-38 significantly reduced drinking rates by 
30% in sea bream larvae maintained in seawater (Figure 2A), but not in dilute seawater 
(Figure 2B). Furthermore PTHrP 1-38 caused a significant dose-dependent increase in 
calcium influx of up to 57% (10nM) and 46% (1nM) in seawater and diluted seawater 
respectively. Moreover, in seawater, a large (up to 60% at 1 and 10nM) and significant 
decrease in efflux was also observed. These effects suggest that in marine larvae, PTHrP may 
cause a shift in the way calcium is taken up by the fish, since, despite a reduction in drinking
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rates, whole-body calcium uptake increased in response to increased concentrations of PTHrP 
1-38, indicating a dose-dependent increment in branchial uptake over a reduced or unaltered 
intestinal contribution (Figure 4). The observed reduction in drinking caused by PTHrP ( 20­
25%, Figure 2) would also reduce hormone uptake, if the major route of peptide uptake is via 
the gut. However, at the range of peptide concentrations used in the experiments (1, 10 and 
100 nM) a differential peptide dose would still be achieved, explaining the different dose 
effects observed. The overall result, therefore, of administering PTHrP 1-38 was a positive net 
gain in calcium of up to 7 fold generating a large pool of internal calcium in the larvae.
The sites at which PTHrP 1-38 acts to bring about the changes in calcium described in 
this paper remain to be identified. However, a preliminary study to confirm the uptake of 
peptide from the water by juvenile seabream using 125I-labelled PTHrP 1-38 or cold peptide 
(measured by RIA) indicates that 1% to 2% of administered peptide appears in the blood. This 
corresponds to estimated plasma values of 12, 30 and 200 pM at the dosage used (1, 10 and 
100 nM) which fall within the range of plasma concentrations previously reported in sea 
bream for PTHrP (Danks et al., 1993). The distribution of abundant PTHrP mRNA expression 
in calcium-transporting tissues in sea bream larvae - epithelial cells in the gill region, 
ionocytes (“chloride cells”), the basal region of the hind gut epithelium and in some, but not 
all kidney tubules (Flanagan et al., 2000) -  suggest they may be a direct target for PTHrP.
The reduction in drinking rates caused by PTHrP 1-38 is suggestive of a compensatory 
mechanism for excessive salt load (calcium and/or other ions), which is particularly relevant 
in the full seawater group. Interestingly PTHrP administration stimulates arginine-vasopressin 
secretion in rats, with resultant antidiuretic and pressor effects (Yamamoto et al., 1998) and it 
is possible that this or a similar effect on water/ion regulating factors (i.e., the renin- 
angiotensin system) may be mediating this response in the sea bream.
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Chapter
Effects of Oestradiol-17ß in Calcium Balance in 
Juvenile Sea Bream (Sparus aurata)
Abstract
In all teleost fishes vitellogenesis is triggered and maintained by oestradiol-17ß (E2) and is 
accompanied by an increase o f blood plasma calcium and phosphate. The action of this hormone on 
calcium metabolism was investigated by treating fast growing immature juvenile sea bream (Sparus 
aurata) with coconut butter implants alone (control) or implants containing 10^g.g-1 E2. Treatment 
with E2 induced the production of circulating vitellogenin, a 2.5-fold increase in plasma ionic calcium 
and a 10-fold increase o f plasma total calcium, largely bound to protein. In contrast to freshwater 
species, which obtain most o f their calcium from the environment directly through the gills, the 
intestinal component o f calcium uptake o f the salt water living sea bream represented up to 60 to 70% 
of the total uptake. The whole body calcium uptake, expressed as the sum of calcium obtained via 
intestinal and extra-intestinal (likely branchial) routes increased significantly in response to E2. 
Combined influx and unchanged efflux rates resulted in a significant 31% increase in net calcium 
uptake. There was no evidence for an effect of E2 on the calcium and phosphate content o f the scales 
or the tartrate resistant acid phosphatase activity (an index for bone/scale osteoclast activity). While 
most freshwater fish appear to rely on internal stores o f calcium i.e. bone and/or scales to increase 
calcium availability, the marine sea bream accommodates calcium transporting mechanisms to obtain 
calcium from the environment and preserve internal stores. These observations suggest a fundamental 
difference may exist in the E2-dependent calcium regulation between freshwater and marine teleosts.
With:
Juan Fuentes, Adelino V.M. Canario and Deborah. M. Power
Published in Journal o f  Endocrinology (173):377-385, 2002
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INTRODUCTION
Calcium balance in fish has been extensively studied in freshwater species, mostly in 
salmonids and cichlids (for review see Flik et al., 1995). The majority of the calcium transport 
mechanisms are proposed to take place actively at the level of the gills (Flik et al., 1995) and, 
at least in some species, partly through the skin (Marshall et al., 1992; McCormick et al., 
1992). In fresh water, fish drink very little and as a consequence virtually all the calcium 
incorporated via the intestine is of dietary origin. Thus, if dietary calcium is low, calcium 
requirements can be compensated by uptake via the gills from the surrounding medium (Ichii 
and Mugiya, 1983). Seawater fish, in contrast to freshwater fish, ingest large amounts of 
seawater to compensate for the osmotic water loss. Seawater contains around 10mM calcium 
and thus drinking of seawater may provide a significant additional mode of calcium uptake. 
Although the contribution of the intestine to whole body calcium balance remains little 
studied in seawater species, there is some evidence that a varying proportion of the calcium 
imbibed may be absorbed by the intestine and this proportion may be species-specific 
(Schoenmakers et al., 1993; Sundell et al., 1993; Larsson et al., 1995).
Estrogen treatment, administered usually in the form of oestradiol-17ß (E2), is known 
to induce an increase in circulating levels of vitellogenin in fish (Bradley and Grizzle, 1989; 
Burzawa-Gerard and Dumas-Vidal, 1991; Mosconi et al., 1998), which is paralleled by an 
increase in blood plasma calcium (Persson et al., 1994; Persson et al. 1995; Persson et al.,
1997). This increase in calcium demand during the reproductive period in freshwater fish, is 
met not only from external sources, but also by mobilisation of internal calcium stores such as 
bone and scales which in tilapia account for up to 95% of the total body calcium (Flik et al. 
1986a). In goldfish, killifish (Mugiya and Watabe, 1977) and rainbow trout (Carragher and 
Sumpter, 1991; Persson et al., 1994; Persson et al., 1995; Persson et al., 1997) bone is 
initially spared and calcium mobilisation takes place predominantly from the scales. 
Moreover, in juvenile rainbow trout the effect of estrogen at the level of the scales appears to 
be via high-affinity low -capacity E2 binding sites (Persson et al., 2000) and estrogen receptor 
mRNA is expressed in this tissue (Armour et al., 1997).
In the present study the effect of E2 on plasma calcium in a marine teleost, Sparus 
aurata, was investigated and the mechanism which increases internal calcium availability was 
also determined. The specific aims of the present study were: firstly, to establish the intestinal 
and extra-intestinal contribution to whole body calcium uptake in seawater, secondly, to 
determine the changes in calcium metabolism in response to E2, and thirdly, to evaluate the
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relative importance of internal and external calcium sources during periods of high demand 
such as vitellogenesis.
MATERIALS AND METHODS
Fish
Immature sea bream (Sparus aurata) juveniles (1+ year old, body mass 31.0±0.9 g) 
were obtained from a stock raised from fertilised eggs at Ramalhete Marine Station 
(University of Algarve) and maintained under natural annual conditions of water temperature 
(17-25°C; 18°C during the experiments), photoperiod, and salinity (36-40 %o; 37 %o during 
the experiments).
E2 treatment and sampling
In April, juvenile sea bream (n=60) were randomly distributed between 2 tanks and 
acclimated for two weeks prior to the start of the experiment. At the start of the experiment 
fish were anaesthetised with 2-phenoxyethanol (1:10,000, Sigma-Aldrich, Madrid, Spain) one 
group (n=30) received a peritoneal implant of coconut butter (10^l.g' 1 body weight, Sigma- 
Aldrich) containing 10 ng.g"1 body weight E2 (Sigma-Aldrich) and the other group (n=30) 
received the coconut butter alone (control). This E2 dose induces a chronic increase in 
circulating levels of plasma E2 and vitellogenin in the sea bream and other teleosts (Mosconi 
et al., 1998; Persson et al., 1997). Control and E2-treated fish were then distributed between 2 
flow-through seawater tanks per treatment, each with 15 fish, and left undisturbed for 15 days. 
During this period fish were fed daily at a rate of 2% of body wt.day-1 on commercial sea 
bream pellets (Provimi, Portugal) between 10 and 11 a.m.; except that food was withheld 24h 
prior to and on the day of the experiments and of samplings. No deaths occurred during the 
experiment. At day 15, fish (n=7) from both groups were sampled under anaesthesia 
(1:10,000 of 2-phenoxyethanol). Each fish was weighed to the nearest 0.1g and subsequently 
a 0.3 ml blood sample was collected by puncture of the caudal vessels into heparinised 
(Ammonium heparin, 30 units.ml-1, Sigma-Aldrich, Madrid, Spain) 2 ml syringes fitted with 
25G needles. The puncture area was cleaned with tissue paper before blood was withdrawn, to 
avoid contamination of blood samples with seawater. Plasma was obtained by centrifugation 
of whole blood (10,000 r.p.m. for 5 minutes) aliquoted into 4 (1.5 ml) vials, snap frozen in 
liquid-N2 and stored at -80°C for later analysis.
After collection of blood samples, fish were killed by decapitation and immediately 
blotted dry, the remaining mucus adhering to the scales was removed with a scalpel and the
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scales covering the lateral line collected, snap frozen in liquid-N2 and stored at -80°C for 
subsequent analysis. Livers were removed and weighed for calculation of the hepato-somatic 
index: HSI=(liver wt/body wt) x100.
Whole body calcium uptake
For determinations of whole body calcium uptake control (n=7) and E2-treated (n=7) 
fish were transferred to individual seawater tanks (1.5l.fish-1) set up with closed circuit water 
flow with aeration. Fish were left for 30 min and then 37 KBq.l-1 of 45Ca as 45CaCl2 (specific 
activity 14.8 MBq.^mol'1, NEN, Life Sciences Products) and 37 KBq.l-1 of 51Cr as 51Cr- 
EDTA (specific activity 96.2 MBq.^mol'1, NEN, Life Sciences Products) were added to the 
tank water and allowed to mix. The tanks were partially darkened with a black lid and fish 
were left to swim undisturbed. Exactly two hours after the addition of the tracers, triplicate 2 
ml water samples were collected for counting and the radioactive solution was immediately 
replaced by tracer free seawater. The fish were left to swim in this solution for 10 min to 
prevent any radioactivity from adhering to the body surfaces and then killed with an overdose 
of 2-phenoxyethanol (1:250), blotted dry, quickly weighed to the nearest 0.1 g and frozen at -  
20°C. The whole frozen intestine, from oesophagus to rectum, from individual fish was 
subsequently dissected out. The intestine and carcase were then transferred separately to pre­
weighed glass tubes and digested with nitric acid (1:10 of the sample weight) at 30°C for 1 
week. After digestion, samples were neutralised with equal volumes of 2N NaOH, and a 2 ml 
aliquot transferred to a scintillation counting vial. All samples, including tank water, digested 
intestines and carcasses were bleached with 2 ml of 35% hydrogen peroxide (Fluka, Sigma- 
Aldrich, Madrid, Spain), to prevent colour quenching, incubated overnight at room 
temperature and then counted for 15 min in a Beckman LS6000IC scintillation counter after 
the addition of 20 ml of scintillation cocktail (OptiPhase HiSafe II, Wallac, Amersham 
Pharmacia Biotech). Total 51Cr was measured in 2 ml aliquots of tank water and in digested 
intestines by counting for 15 min in a Wallac 1470 Wizard gamma counter (Amersham 
Pharmacia Biotech).
Whole body calcium uptake (i.e. calcium influx) was calculated according to the 
following formula: CI= (Af .Cw)/(Aw.t.w), where A f  is the total 45Ca activity in the fish 
carcass (i.e. excluding the activity in the whole intestine which can be considered to be 
outside of the fish), Cw is the total calcium concentration in the water, Aw is total activity in 
the water, t is duration of exposure (h) and w is fish wet weight (g). Whole body calcium
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influx rate is expressed as nmol.g'1 .h'1. The total water calcium content was measured in 
triplicate (Sigma-Aldrich procedure No 587).
Intestinal calcium uptake
The combination of whole body calcium influx and the amount of water imbibed (i.e. 
drinking rate) allows for estimation of the contribution of intestinal and extra-intestinal uptake 
routes to whole body calcium uptake. Drinking rates (DR) were calculated as: DR= A f 
/(Aw.t.w), where: A f  is the total activity of 51Cr-EDTA in the intestine, Aw is the tracer 
concentration (c.p.m./ml) in water, t is the duration of exposure (h) and w is fish wet weight 
(g). Results are expressed as ^L h '\g '\ Using the same expression for 45Ca, another estimate, 
the “drinking rate”, can be calculated. However, there is a crucial difference in behaviour of 
the two tracers, while 51Cr-EDTA is not absorbed, 45Ca crosses the intestinal wall. The 
difference in the estimated drinking rates using both tracers provides the amount of the 
calcium imbibed, which is actually absorbed by the intestine. The intestinal contribution to 
whole body calcium uptake (IntCa) can be calculated as: Intca=(DRcr-DrCa).Wca, where DRcr 
is the drinking rate calculated from 51Cr-EDTA values (^l.g'1 .h'1), DRCa is the drinking rate 
calculated from 45Ca values (^l.g'1 .h'1) and WCa is the water calcium concentration (nmol.^l' 
1). Results are expressed as nmol.g-1 .h-1. The difference between IntCa and the value for whole 
body calcium uptake estimates the contribution of the intestinal and extra-intestinal routes to 
the whole body calcium uptake.
Whole body calcium efflux
Control (n=7) and E2-treated fish (n=7) were loaded with 45Ca by intra-peritoneal 
injection of 37 KBq of 45CaCl2 dissolved in 500^l of 0.9% NaCl and transferred to separate 
tanks with flowing sea water for 48 hr for recovery and to achieve a constant specific activity 
of the readily available calcium pool in the whole fish. Fish were then randomly and 
individually housed in 0.75 l tanks and 1 ml water samples were taken after 30 min and every 
20 min thereafter for 2 hours. Fish were then killed by an overdose of anaesthetic (1:250; 2- 
phenoxyethanol) weighed, a blood sample collected and plasma separated as described earlier. 
Both water and plasma samples were measured for 45Ca radioactive decay as previously 
described. Calcium efflux rate (ER), was calculated as follows: ER= (Aw.Ct)/(At .t.w), where 
Aw is the final specific activity in water, Ct is the total plasma calcium (nmol), At is the 
specific activity of 45Ca in the plasma, t is time (h) and w is fish wet weight (g). Results are 
expressed as nmol.g-1.h-1.
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E2 assay
Individual plasma samples (50^l) were extracted twice with diethyl ether (80% E2 
recovery), resuspended in phosphate buffer containing 0.5g.l-1 gelatine, pH 7.6 and RIA 
carried out with specific antibodies (Research Diagnostics, USA) following the general 
methods described by Scott et al. (1982). Cross-reactivity of the antibody (expressed as %) 
was as follows: 4-pregnene-3, 20-dione <0.2; 11ß,17,21-trihydroxy-4-pregnene-3,20-dione 
<0.2; 4-androstene-3,17-dione <0.2; 17ß-hydroxy-4-androsten-3-one <0.2; 3ß-hydroxy-5- 
pregnen-20-one <0.2; 3ß-hydroxy-5-androsten-17-one <0.2; 3-hydroxy-1,3,5(10)-estratrien- 
17-one =15; 3,17ß-dihydroxy-1,3,5(10)-estratrien-16-one =8; 3,16a,17ß-trihydroxy- 
1,3,5(10)-estratrien-3-one =0.7; 3,16a-dihydroxy-1,3,5(10)-estratrien-17-one <0.2. All 
samples were assayed in duplicate in a single assay. Inter- and intra-assay coefficients of 
variation were 8 .6% (n=3) and 4.01% (n=5), respectively.
Protein analysis
Plasma protein: Total plasma protein was measured in diluted samples (1:100) using 
the method of Lowry et al. (1951) with minor modifications for a micro plate reader 
(Benchmark, BioRad, USA). Bovine serum albumin (Sigma-Aldrich) was used as the 
standard. Results are given as mg.ml-1 plasma.
Vitellogenin: Western blotting was used to confirm the identity of the plasma protein 
putatively designated as vitellogenin using a sea bream specific vitellogenin polyclonal 
antibody. Diluted plasma (12.5 ^g protein per sample) was mixed with an equal volume of 
sample buffer (6% w/v SDS, 6% v/v 2-mercaptoethanol, 40% w/v sucrose, 0.02% 
bromophenol blue in 0.125M Tris-HCl, pH 6 .8) boiled for 5 minutes, spun (30 sec, 12,000 
rpm) and fractionated by SDS-PAGE according to Laemmli (1970). Molecular weight 
markers (Sigma-Aldrich) were run on all the gels to assist protein size identification. Gels 
were lightly stained with Coomassie blue (0.025%) and images captured with an image 
analysis system (Image Master VDS system Amersham Pharmacia Biotech). Fractionated 
plasma proteins were transferred to a nitrocellulose membrane (NCP) by electroblotting, 
using Tris-Lysine (pH 8.2) as the transfer buffer. Immunoblotting of membranes was carried 
out by blocking non-specific binding in MTw (Tris 0.1M, 2% milk powder and 0.05% Tween 
20) for 3 hours, rinsing in Tris (0.1M), followed by incubation overnight at 4°C with anti-sea 
bream vitellogenin serum (1:7000). Membranes were then washed with MTw and incubated 
with anti-rabbit IgG complexed with peroxidase (1:2000) for 1h at room temperature with
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continuous agitation. After rinsing in Tris (0.1M) membranes were developed using 4-chloro-
1 -napthol as the chromogen.
Plasma calcium analysis
Individual total plasma calcium (bound and free) and plasma calcium activity were 
measured in triplicate (n=14 controls; n=14 E2-implanted). Total plasma calcium was 
measured by colorimetric assay (Sigma-Aldrich procedure No 587). Free calcium was 
measured by means of calcium-sensitive electrodes (MI-600; Microelectrodes Inc, Bedford, 
USA) using an Ag-AgCl electrode (MI-409; Microelectrodes Inc) as an external reference. 
Plasma phosphorus was determined in triplicate in pre-diluted plasma using an endpoint 
colorimetric assay (Sigma-Aldrich procedure No 360).
Analysis o f scales
Calcium and phosphate scale content: Frozen scales (20-30 mg) collected from 
individual fish were weighed, placed in glass tubes and digested with 1 ml nitric acid for 24 
hours at 30°C. The resulting digest was neutralised with equal volumes of 2N NaOH and the 
volume in each tube increased to 5 ml with double deionised water. Total calcium and 
phosphate in the digests were measured in triplicate using the colorimetric methods described 
in the previous sections. Results are expressed as ^.mol of calcium or phosphate per mg of 
scale tissue.
Tartrate resistant acid phosphatase (TRAP): To examine the changes in TRAP 
activity 30-40 mg of frozen scales from individual fish (n=7 per treatment) were homogenised 
at 4°C using a glass-glass manual homogeniser in 1 ml of a 0.1 M sodium acetate buffer (pH 
5.0). Homogenates were kept on ice and aliquots incubated in triplicate for 30 minutes at 
22°C, in acetate buffer (0.1M, pH 5.3) in the presence of 10 mM para-nitrophenyl phosphate 
(Sigma-Aldrich, Madrid, Spain) and 20 mM tartrate. Para-nitro phenol (pNP, Sigma-Aldrich) 
was used as the standard. Enzyme activity measurements were performed according to the 
optimal assay conditions for TRAP measurements for fish scales (Persson et al., 1995) and 
shown to be similar to those reported for mammalian bone tissue (Lau et al., 1985).
Statistics
Values are shown as mean ± SEM unless otherwise stated. Differences between 
groups were established by One-way analysis of variance after assessing normality and 
homogeneity of variances. Groups were considered significantly different at p<0.05.
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RESULTS
Effect o f E2-implants on plasma E2, calcium and phosphate
Fifteen days post implantation control sea bream had circulating plasma E2 levels of 
0.49±0.18 ng.ml-1 while in the E2-implanted group these had increased 14 fold to 7.18±1.89 
ng.ml-1 (Figure 1A).
Total plasma calcium increased 10 fold in response to E2 treatment reaching 
29.83±3.09 mmol.l-1 compared to 2.84±0.23 mmol.l-1 in control fish. Levels of ionic calcium 
were 1.46±0.20 mmol.l-1 in control fish (51.4% of the total calcium), while in E2-treated fish 
ionic calcium was 3.71±0.21 mmol.l-1, (decreasing to only 12.4% of total).
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Figure 1. A: Circulating plasma levels (ng.ml-1) of E2 
in sea bream juveniles 15 days after implantation of 
10 |ag.g-1 E2 in coconut butter implants (E2) or 
coconut butter alone (control). Each bar is the 
mean±SEM of 7 fish. The asterisk indicates 
significant differences at p<0.05 (one-way ANOVA). 
B: Total and ionic plasma calcium (mmol.l-1) and C: 
total plasma phosphate levels (mmol.l-1) in sea bream 
juveniles 15 days after treatment with 10 |ag.g-1 E2 in 
coconut butter implants (E2) or coconut butter 
implants alone (control). Values are given as 
mean±SEM of 14 fish per treatment. Asterisks show 
significant differences from corresponding controls at 
p<0.001 (one-way ANOVA).
Control E2
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Table 1. Drinking rates based on 51Cr uptake (DRCr) and 45Ca uptake (DRCa), the calculated percentage of 
absorbed calcium (% Absorbed), the intestinal calcium uptake (IntCa) and the percentage contribution of 
intestinal calcium uptake to whole body calcium (% Intestinal calcium uptake) in sea bream juveniles fifteen 
days after treatment with 10 |ag.g-1 E2 in coconut butter implants (E2) or implants only (control). Values are the 
mean ± SEM of n=7. P-values of the one-way ANOVA are shown.
Control E2 P value
DRCr fol-g'-h-1) 5.26±0.74 5.27±0.60 0.961
DRCa ( ^ .g 1.^ ) 0.49±0.05 0.36±0.07 0.146
% Absorbed 89.3±1.4 92.8±0.8 0.056
IntCa ( n ^ l g -1.^ 1) 41.6±7.9 50.4±5.6 0.374
% Intestinal calcium uptake 64.9±2.1 69.5±3.3 0.360
Despite the significant increase in both total and ionic calcium in the E2-treated group 
compared to the control group, only a relatively small proportion of the calcium remained in 
an ionic form and the majority 87.5% was present in the protein-bound fraction of the total 
circulating calcium (Figure 1B).
In parallel with increases in plasma calcium, E2 implants also caused a significant 
increase in plasma phosphate levels (p<0.01, Figure 1C) from 1.33±0.24 mmol.l-1 in controls 
to 8.01±1.56 mmol.l-1 in E2-treated fish.
Drinking and intestinal calcium absorption
The drinking rate measured by 51Cr-EDTA intake was unaffected by E2 treatment 
(Table 1) and was 5.2-5.3 ^l.g-1 .h-1 in both groups. However, the estimates of drinking based 
on 45Ca accumulation in the intestine were lower ranging from 0.36 to 0.49 ^l.g-1.h-1. The 
difference between the two measurements was used to determine the proportion of calcium in 
the drinking water that was absorbed by the intestine, 89.3±1.4% for controls and 92.8±0.8% 
for E2 implanted fish (Table 1).
Whole body calcium uptake
Whole body calcium uptake increased significantly in response to E2 (Figure 2A) from 
64.1±1.8 nmol.g-1 .h-1 in control fish to 72.5±1.6 nmol.g-1 .h-1 in E2 implanted fish (p<0.01).
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The intestinal component of the whole body calcium uptake was 64.9±2.1% in the control 
group and 69.5±3.3% in the E2-implanted sea bream group (Figure 2A).
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Figure 2. Whole body calcium uptake (A), 
calcium efflux (B) and net calcium flux (C) in 
sea bream juveniles fifteen days after treatment 
with 10|ag.g-1 E2 in coconut butter implants (E2) 
or coconut butter implants alone (control). Each 
bar represents the mean±SEM of 7 fish. 
Asterisks show significant differences from 
corresponding controls at p<0.001 (one-way 
ANOVA).
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Calcium efflux and net calcium balance
No differences in efflux were found between consecutive 20 min periods in control 
(p=0.837) or E2-treated (p=0.557) groups. Efflux data were therefore pooled for subsequent 
analysis and the average value of the 2-hour efflux period in each group is shown in Figure 
2B. Calcium efflux remained unchanged in response to E2 treatment. Both groups were in 
positive calcium balance i.e. there was an average net uptake of calcium of 18.33 nmoLg^.h-1 
in control and 24.03 nmoLg^.h-1 in E2-treated fish (Figure 2C).
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Scale calcium, phosphate and TRAP
The total calcium and phosphate content of the scales remained unaffected after 15 
days of E2 treatment (Table 2). The calcium content of the scales in control fish was 
1.25±0.07 ^mol.mg-1 vs. 1.23±0.05 ^mol.mg-1 for E2-treated fish, while phosphate scale 
content was 0.96±0.07 ^mol.mg-1 in controls and 1.00±0.05 ^mol.mg-1 in E2-treated fish 
(Table 2). Furthermore, TRAP activity, a marker of osteoclastic activity, in the scales was not 
altered by E2 treatment (Table 2).
Table 2. Calcium, phosphate and TRAP activity (mean ± SEM, n=7) in the scales of sea bream juveniles fifteen 
days after treatment with 10|ag.g-1 E2 in coconut butter implants (E2) or implants only (control). P-values of the 
one-way ANOVA are shown.
Control E2 P value
Calcium (^mol.mg-1) 1.26±0.07 1.24±0.05 0.838
Phosphate (^mol.mg-1) 0.96±0.07 1.00±0.05 0.697
TRAP (^mol pNP.h'1.mg'1) 11.9±1.2 14. 9± 1.9 0.235
Plasma protein analysis
Circulating levels of plasma protein were increased nearly 3 fold in response to E2 treatment 
(28.3±6.2 vs. 95.2±13.0, p<0.001). SDS-PAGE and Western blot analysis of plasma protein 
(Figure 3) confirmed that E2 treatment induced a significant increase in circulating levels of 
vitellogenin. This change in vitellogenin although not quantified shows a clear pattern and 
when equivalent concentrations of plasma protein from both groups of fish were loaded on the 
gel vitellogenin was undetectable in controls plasma but was readily detected in all fish 
treated with E2 (Figure 3). Associated with the increased vitellogenin production by the liver 
was a significant increase in the HSI of E2-treated fish compared to the control group, 3.3±0.4 
vs. 2.27±0.2 (p<0.05) respectively.
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Figure 3. Western blot analysis of plasma vitellogenin in response to E2 in sea bream juveniles fifteen days after 
treatment with 10|ag.g-1 E2 in coconut butter implants (oestradiol) or implants only (control). After 
electrophoresis in 12.5% SDS-PAGE (left panel) proteins were transferred onto nitro-cellulose membranes and 
hybridised as described in Materials and Methods. The vitellogenin signal (apparent molecular mass of 180 kDa) 
is marked with an arrow in the Western blot (right panel). Molecular weight markers (MW) in kDa are given for 
reference.
DISCUSSION
In the present study the increase in circulating levels of E2 in response to E2 treatment 
was associated with significantly elevated plasma levels of both protein bound and ionic 
calcium. The experimental evidence indicated that there are at least two major components 
involved in the elevation of plasma calcium levels: an increase in calcium uptake from the 
water and an increase in intestinal calcium absorption. Thus in the sea bream E2 appears to 
participate directly or indirectly in the regulation of these components.
Calcium exchange in fish takes place mostly at the level of the gills, with 
contributions from the skin (i.e. opercular membrane; Marshall et al., 1992; McCormick et 
al., 1992) and from the diet via the intestine. In the present study we aimed to determine the 
contribution of the intestine to calcium regulation since marine fish drink large amounts of 
seawater (containing 10  mmol.l-1 calcium in our experiments) and the intestine is known to 
play an important role in osmoregulation. Previous studies have shown that the proportion of 
the calcium taken up from water in the intestine of seawater fish is very variable. For 
example, the cod (Gadus morhua) absorbs about 30% of the calcium from drinking water 
(Sundell et al., 1993), while the flounder (Paralichthys lethostigma) absorbs about 70% 
(Hickman, 1968). In tilapia (Oreochromis mossambicus), it has been shown that the net
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calcium transport in the intestine of seawater adapted fish is significantly lower than in their 
freshwater counterparts in which the uptake of calcium by the intestine represents a high 
proportion of whole body calcium uptake (Schoenmakers et al., 1993). In the present study, 
when the various routes of calcium entry into the body are considered, the high absorption 
rate in the intestine of sea bream translates into an intestinal component of the whole body 
calcium uptake in the range of 60 to 70% (Table 1). Moreover, since the branchial component 
of calcium uptake is in negative balance it is the intestinal route that compensates for the 
calcium loss and maintains the fish in a positive calcium balance (Figure 2).
The drinking rate of control and E2 treated fish was the same (5.2 uLg^h-1) and is 
similar to that previously observed in other marine species (Fuentes and Eddy, 1997). 
However, one of the effects of E2 treatment appears to be an increase in the relative 
proportion of the calcium taken-up as drinking water that is absorbed (Table 1). An increase 
of calcium uptake at the intestinal level, 89% in controls versus 93% in the E2-treated fish 
(Figure 2A) coupled with an unchanged rate of calcium efflux (Figure 2B) results in a 31% 
increase of the net whole body calcium uptake (Figure 2C). However, this 31% increase 
cannot account for the final plasma calcium differences found between control and E2 treated 
fish at the end of the experiment. Intriguingly, when plasma ionic calcium (the 
physiologically important fraction) instead of total calcium is used to estimate calcium efflux 
rates a 3-fold reduction was observed in E2 treated animals, which results in a nearly 40% 
calculated increment in the net influx. This change would be sufficient to explain the increase 
in total (and free) plasma calcium in the E2-treated group assuming that the E2 starts to have 
an effect soon after implantation.
In the E2-treated sea bream, vitellogenin was very abundant in plasma but was not 
detected in control fish (Figure 3). It was not determined whether the 10-fold increase in 
plasma calcium in the E2-treated fish was exclusively associated with higher levels of 
circulating vitellogenin or whether there may have been additional calcium binding proteins 
in the plasma. However, previous reports suggest that virtually all of the calcium in estrogen 
treated freshwater trout is bound to vitellogenin (Persson et al., 1994; Persson et al., 1995).
That the source of plasma calcium appears to be mainly the environment was 
supported by the fact that the phosphate and calcium content of the scales in E2-implanted 
juveniles remained unchanged, while the plasma calcium levels were increased to a level 
higher than those described in salmonids (Persson et al., 1997). This is in marked contrast to 
studies with rainbow trout in which considerable mobilisation of calcium from the scales was 
reported (Persson et al., 1997). The lack of calcium mobilisation from the scales in sea bream
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was further confirmed by the absence of E2 stimulated TRAP activity (Table 2) and contrasts 
with effects of E2 seen in rainbow trout (Persson et al., 1994; Persson et al., 1997). In 
salmonids it has been suggested that increased calcium demand responds to a need for bone 
remodelling during reproductive riverine upstream migration. This increased calcium demand 
for bone remodelling is obtained not only from the environment but also from internal stores. 
The hypothesis of a direct effect of estrogen on bone and/or scale remodelling in salmonids is 
supported by detection of estrogen receptor a  (ERa) mRNA expression in these tissues in the 
trout (Armour et al., 1997). Also recently, Persson et al., (2000) characterised a high-affinity, 
low-capacity binding of E2 to trout scales. In the sea bream ERa mRNA is not detected in 
bone and ERß is expressed at low levels (only detectable by RT-PCR; Socorro et al., 2000). 
The expression of ER in sea bream scales has yet to be determined, but the failure of E2 to 
stimulate calcium mobilisation from scales in the sea bream suggests that the receptor is 
probably absent.
Whether the effect of oestradiol on calcium transport mechanisms in the sea bream 
occurs by a direct action on the gills, intestine and/or kidney, or is mediated by its action via 
the hypothalamus-pituitary axis and/or other endocrine systems remains to be established. 
However, it has recently been shown (Socorro et al., 2000) that neither ERa or ERß are 
expressed by the gills of sea bream, making it unlikely that oestradiol has a direct effect on 
calcium transport via ER in this tissue, but mediates its effects if any, via a calcitropic factor. 
In contrast, there is high expression of ERß in the sea bream intestine and kidney (Socorro et 
al., 2000). The increase in net calcium influx (Figure 2C) in response to E2 in sea bream may 
be explained, at least in part, by a direct action via ERß in these tissues. In some tetrapods a 
similar effect of E2 on the intestine and kidney has been observed which can be blocked by 
estrogen antagonists (e.g. ten Bolscher et al., 1999; Nordin et al., 1991).
Teleosts possess two hormones with hypocalcemic action, but so far in teleosts no 
hypercalcemic factor has been identified. The hypocalcemic factors include, stanniocalcin 
which was originally isolated, characterised and its biological activity determined in fish (for 
review see Wendelaar Bonga and Pang, 1991; Wagner et al., 1998) and calcitonin, that has 
hypocalcemic effects in goldfish (Sasayama et al., 1993) and salmonids (Wagner et al., 1997). 
The principal hypercalcemic factor identified in tetrapods, parathyroid hormone (PTH), has 
not been identified in fish. However, recently both puffer fish (Power et al., 2000) and the sea 
bream (Flanagan et al., 2000) have been shown to express the gene for parathyroid hormone- 
related protein (PTHrP), and a peptide corresponding to the amino acid residues 1-38 of the 
N-terminal region of PTHrP was able to cause an elevation in whole body calcium uptake in
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sea bream larvae, by increasing uptake and decreasing efflux of calcium (Guerreiro et al.,
2001). Although the involvement of PTHrP in the hypercalcemic effect of E2 in the present 
study was beyond the experimental objectives, there is supporting evidence from mammalian 
studies that E2 increases renal expression of PTHrP mRNA without modifying PTH/PTHrP 
receptor level of expression (Cros et al., 1998), thus preventing the renal leak of calcium in 
osteoporotic women (Nordin et al., 1991; Cros et al., 1998). In fish several other candidate 
hypercalcemic hormones have been identified and include prolactin (Flik et al., 1994), 
cortisol and growth hormone (Flik and Perry, 1989; Takagi et al., 1992). The link between 
calcium balance, estrogen and pituitary hormone expression i.e. prolactin, growth hormone 
and somatolactin in sea bream is currently under study and preliminary results show a down 
regulation of pituitary gene expression of these hormones in response to E2 (Fuentes, 
unpublished). However, the relative importance of calcium and E2 on this effect has yet to be 
established.
In conclusion, our data suggest that the sea bream, in common with freshwater 
teleosts, respond to increases in circulating E2 with an increase in circulating plasma levels of 
vitellogenin, total calcium and an accommodation of the calcium transporting mechanisms. 
However, the source of calcium and mechanisms by which internal circulating levels are 
increased appear to be different between freshwater and marine teleosts. While freshwater fish 
may rely on the internal stores of calcium i.e. bone and/or scales to increase calcium 
availability, the sea bream, a marine fish, fulfils the extra calcium demand by utilising the 
high environmental calcium and by doing so protects internal calcified structures. It remains 
to be seen if the profound effects of E2 on calcium balance in sea bream are direct, or are 
mediated by other endocrine factors.
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Chapter
Circulating Parathyroid Hormone-related Protein 
Increases in Response to Oestradiol-17ß Treatment in 
Juvenile Sea Bream (Sparus aurata)
Abstract
Oestradiol (E2) treatment (10^g/g) via a coconut oil implant was used to induce experimental 
hypercalcemia in juvenile sea bream. E2 administration effectively increased and sustained elevated 
plasma E2 levels at least until 8 days after implantation. Circulating calcium in treated fish 8 days after 
implantation was increased by 4.5-fold in respect to control fish injected with coconut oil alone, and 
plasma phosphate levels were also significantly up regulated. Plasma osmolarity and sodium 
concentration were reduced by the E2 treatment while plasma protein concentration was increased by
2-fold. Whether the hypercalcemic action of E2 is direct or mediated by other factors is unknown. 
Circulating parathyroid-hormone related protein (PTHrP) levels were greatly (up to 13-fold) increased 
in response to E2 treatment, and the increment is detected as early as 1 day post-implantation and 
precede the rise in plasma calcium levels. However, PTHrP gene expression in calcium regulatory 
organs was not changed by E2. E2 treatment down-regulated prolactin and somatolactin gene 
expression in the pituitary but growth hormone gene expression was not modified by the treatment. If 
these effects have consequences on the possible calciotropic action of these factors in sea bream 
remains to be determined. The results suggest that PTHrP may be a mediator o f the hypercalcaemic 
action o f E2. The high circulating levels o f PTHrP indicate the existence o f a PTHrP secretory gland 
rather that a localised autocrine/paracrine secretion.
With:
Juan Fuentes, Josep Rotllant, Deborah M. Power and Adelino V.M. Canario
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INTRODUCTION
Oestradiol (E2) has a well documented effect on calcium balance in fish and is the only 
factor until now which has been shown to have a clear hypercalcemic action (Mugiya and 
Watabe, 1977; Mugiya and Takayama, 1992; Persson et al., 1994; Guerreiro et al., 2002). The 
rise in calcium provoked by E2 treatment in fish is associated with a concomitant increase in 
circulating vitellogenin (Bradley and Grizzle, 1989; Mosconi et al., 1998). The latter is a 
macromolecule composed of a complex of calcium-binding protein-phospholipid- 
glycoprotein which binds probably at the central region of the molecule between 0.7% to 2% 
calcium. Vitellogenin is essential for egg production and its synthesis is triggered by E2 
during normal sexual maturation. The E2-mediated vitellogenin induction requires elevated 
extracellular calcium concentrations, as low ambient calcium concentrations inhibit 
production of the protein by cultured trout hepatocytes (Yeo and Mugiya, 1997). The increase 
in plasma calcium necessary for vitellogenin induction occurs through mobilization of 
calcium from scales and bone (Mugiya and Watabe, 1977; Carragher and Sumpter, 1991; 
Persson et al., 1994, 1995, 1997; Suzuki et al., 2000) or by increasing calcium uptake from 
the environment, both in freshwater (Persson et al., 1994) and seawater fish (Guerreiro et al.,
2002). However it remains to be established if E2 directly regulates calcium transporting 
mechanisms in the epithelia or if its actions are mediated through other endocrine pathways.
The mechanism by which E2 causes hypercalcaemia in fish is unexplored and the 
involvement of other endocrine factors is unknown. In fish hypocalcaemic factors have been 
thought to be the key players in calcium homeostasis. Calcitonin, the major hypocalcemic 
hormone in terrestrial vertebrates, participates in calcium regulation in fish (Oughterson et al., 
1995; Wagner et al., 1997, Wendelaar Bonga and Pang, 1991) but another factor, 
stanniocalcin, produced by the corpuscles of Stannius seems to be more important (Wagner et 
al., 1998; Wendelaar Bonga and Pang, 1991). The pituitary hormones prolactin, growth 
hormone and somatolactin have also been reported to have a function in calcium homeostasis 
(Kaneko and Hirano, 1993; Flik et al., 1993, 1994). The main hypercalcaemic factor in higher 
vertebrates, parathyroid hormone (PTH), has never been found in fish. Although recently, the 
gene and cDNA sequences of a related protein, parathyroid hormone-related protein (PTHrP) 
was characterized in Fugu rubripes and Sparus aurata respectively (Power et al., 2000; 
Flanagan et al., 2000). Administration to juvenile sea bream of a 38 amino acid N-terminal 
peptide of fish PTHrP influenced whole body calcium balance (Guerreiro et al., 2001) and 
increased net calcium uptake in a dose-dependent manner, suggesting that PTHrP in fish may 
play a similar role in calcium homeostasis to PTH in higher vertebrates. PTHrP in mammals
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is linked to a pathological condition denominated Humoral Hypercalcemia of Malignancy 
(HHM) and relatively few reports exist about its role in “normal” physiology (Philbrick, 
1996; Ingleton and Danks, 1996).
In humans E2 also has profound effects on calcium homeostasis, it prevents bone 
demineralization, and evokes changes in gene expression, synthesis and secretion of 
parathyroid hormone, calcitonin and vitamin D3 (see Prince, 1994; Riggs et al., 2002). 
However, the relationship between PTHrP and E2 has been little studied. In breast carcinoma 
cells MCF-7 it has been demonstrated that estradiol treatment increases not only PTHrP 
expression, but also induces a dose dependent protein release (Funk and Wei, 1998). E2 seems 
to play a role in renal calcium retention and Cros et al. (1998) showed that E2 increases renal 
expression of PTHrP mRNA without changing PTHrP receptor expression and function, 
increasing calcium reabsorption.
The potential interplay between E2 and PTHrP in fish is entirely unstudied, although 
independently both factors have a clear effect on calcium transport in sea bream, (Guerreiro et 
al., 2001, 2002), although PTHrP has a rapid action and E2 a slower action. In the present 
study therefore, the aim was to establish if a relationship exists between E2 induced 
hypercalcemia and PTHrP expression and secretion in the sea bream.
MATERIAL AND METHODS
Fish and Experimental Design
Juvenile sea bream (Sparus aurata) were obtained from a commercial source (Viveiro 
Vilanova, Lda., V.N. Milfontes, Portugal) and reared in the Ramalhete Marine Station of the 
University of Algarve. Fish (35.4±0.7g) were implanted with coconut oil (control groups) or 
coconut oil plus oestradiol (10 mg/kg of fish; treated groups). Implants were prepared and 
injected as described in Guerreiro et al. (2002). Fish (n=7 per group, 6 groups: 3 control and 3 
treated) were allocated into six 200-litre tanks with flowing seawater. Samples were taken 1, 4 
and 8 days post-implantation (DPI). At each time point one control and one treated group 
were sampled under anaesthesia (2-phenoxy-ethanol, 1:2500). Blood was collected from the 
caudal vein into Heparin (30 units/ml, Ammonium salt, Sigma)- and EDTA-Aprotinin (500 
KU/ml, Trasylol, Bayer)-treated tubes taking care to avoid sample contamination with sea 
water. Plasma was separated by centrifugation of the blood (10.000 rpm, 5 min), frozen in 
liquid nitrogen and stored at -80°C for subsequent analysis of osmolarity, ions, protein 
concentration and circulating levels of hormones. Fish were sacrificed by section of the spinal 
cord and tissues for RNA extraction and Na+/K+-ATPase activity determination were
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collected using sterile instruments, immediately frozen in liquid nitrogen and stored at -80°C 
for posterior analysis.
Plasma Parameters
Osmolality of plasma was measured using a micro-osmometer (Roebling 13DR) and 
is expressed as mOsmol/Kg. Sodium was measured using a sodium-sensitive electrode (MI- 
420; Microelectrodes Inc, Bedford, USA) and an Ag-AgCl (MI-409; Microelectrodes Inc) as 
external reference. Endpoint colorimetric assays modified for a microplate reader (BioRad 
Benchmark) were used to measure chloride (Sigma-Aldrich procedure No. 461), total calcium 
(Sigma-Aldrich procedure No. 587) and phosphorus (Sigma-Aldrich procedure No. 360) in 
plasma diluted in distilled water. Results for ionic concentration are given in mmol.l-1 plasma. 
Total plasma protein was measured in diluted samples (1:100) using the Lowry method 
(Lowry et al., 1951) adapted for a microplate reader (Benchmark, BioRad, USA) with bovine 
serum albumin (Sigma-Aldrich) as the standard. Results are expressed as mg.ml-1 plasma.
Circulating Hormone Levels
E2 assay: Plasma samples (50^l) were double extracted with diethyl ether, 
resuspended in phosphate buffer containing 0.5g.l-1 gelatin, pH 7.6 and radioimmunoassay 
(RIA) carried out with specific antibodies (Research Diagnostics, USA) using the method 
described by Scott et al. (26). Cross-reactivity of the antibody was as follows: 4-pregnene-3, 
20-dione <0.2%; 11ß,17,21-trihydroxy-4-pregnene-3,20-dione <0.2%; 4-androstene-3,17- 
dione <0.2%; 17ß-hydroxy-4-androsten-3-one <0.2%; 3ß-hydroxy-5-pregnen-20-one <0.2%; 
3ß-hydroxy-5-androsten-17-one <0.2%; 3-hydroxy-1,3,5(10)-estratrien-17-one =15%; 3,17ß- 
dihy droxy-1,3, 5 ( 10)-estratrien-16-one =8%; 3,16a,17 ß-trihydroxy-1,3,5(10)-estratrien-3-one 
=0.7%; 3,16a-dihydroxy-1,3,5(10)-estratrien-17-one <0.2%. All samples were assayed in 
duplicate in a single assay.
PTHrP assay: Assays were performed using a double-antibody method under 
disequilibrium conditions using a primary antisera against the N-terminal 1-34 peptide of sea 
bream PTHrP (PTHrP1-34). PTHrP1-34 standards (25^l) or plasma samples (25^l) were 
incubated at 4°C with 50 ^l antiserum (1:10000) and 100 .^l assay buffer (63mM Na2HPO4, 13 
mM Na2EDTA, 0.02%(W/V) NaN3) containing 25,000 KIU aprotinin (Bayer), 100 ^l Triton 
X-100 (Sigma), and 250 mg BSA (Sigma) per 100 ml. After 72h, iodinated PTHrP(1-34) in 
100 ^l assay buffer was added to the tubes, which were incubated for a further 24 hr at 4°C. 
Separation of free and bound peptide was carried out using the second antibody method. (100
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^l; diluted 10 times in a 0,01%(w/v) rabbit IgG- Sigma I 5006-Solution) was then added to 
the tubes, which were incubated for 20 minutes at room temperature. Finally, 1 ml of an ice- 
cold PEG solution (7,5% W/V PEG 8000; Merck) in assay buffer (from which aprotinin and 
BSA had been omitted) was added, and the tubes were centrifuged (10 min, 1500g). The 
supernatants were decanted, and the pellets were counted in a gamma counter (Pharmacia). To 
validate the assay, parallelism between the standard curve and serial dilutions of plasma 
samples were established (data not shown). The detection limit of the assay was 1.25pg.tube-1. 
The intra- and inter-assay coefficients of variation were 3.9% and 8 .8% respectively (n=6).
Na+/K+ -ATPase Activity
Activity of branchial Na+/K+-ATPase was evaluated using a microassay method 
(McCormick, 1993). Briefly, a few filaments from the second branchial arch were excised and 
frozen at -80°C in SEI buffer (150 mM sucrose, 10 mM EDTA, 50mM imidazole, pH 7.3). 
Samples were homogenised in 125 |il SEID (SEI buffer with 0.1% deoxycholic acid) using a 
motorised pestle, then centrifuged at 3000g for 30s and the supernatant collected. Samples 
were assayed in duplicate by adding 10^l of supernantant to 200^l of assay buffer (see 
McCormick, 1993) with or without ouabain, in 96-well microplates at 25°C and read at 
340nm for 10 min with intermittent mixing. Ouabain-sensitive ATPase activity was detected 
by enzymatic coupling of ATP dephosphorylation to NADH oxidation. Protein was measured 
in 10^l triplicates of the supernatant, using the Lowry method indicated above. Results are 
expressed as nmol.ADP.mg protein'1 .h'1.
RNA extraction, cDNA synthesis and gene expression studies
Total RNA from tissue fragments (kidney, hindgut, rectum, gills and whole pituitary 
gland) collected at 8 DPI was extracted with Tri-Reagent (Sigma) following the manufacter’s 
instructions. The concentration of extracted RNA was determined using a GeneQuant 
Pharmacia spectrophotometer and the quality was assessed by running a sample on a 1.5% 
agarose gel in TBE buffer.
Complementary DNA (cDNA) was synthesised as follows: 5^g RNA in 15^l DEPC 
water was incubated for 3 minutes at 70oC before immediately cooling in ice for 5 minutes 
and adding 5^l of a mixture containing 1.25^1 oligo dT 1^g/^l (Pharmacia); 2^l of 5x RT 
buffer (Gibco); 0.25^1 of MMLV Reverse transcriptase (200U/^l) (Gibco); 0.5^l dNTPs 
(10mM) (Pharmacia) and 1^l DTT (0.1M). The reaction mix was then incubated for 3 hours 
at 37oC and the reaction stopped by heating at 65oC for 5 minutes and storing at -20oC.
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PCR was performed in a thermo-cycler (RoboCycler, Stratagene) using PTHrP 
homologous primers as described in Flanagan et al. (2000). Reactions were carried out in a 
total volume of 50^l which contained 5^l of 25mM MgCl, 2.5^l of 10x PCR buffer, 0.25^l of 
Taq polymerase, 2.5^l of cDNA, and 1^l each of forward and reverse primers (50 pmol/^l) 
and dNTPs (10mM). Cycling conditions were: 94oC for 2 min, followed by 32 cycles of 94oC 
for 1 min, 59oC for 1 min and 72oC for 1.5 min and a final elongation step for 5 min at 72oC.
Elongation factor 1 a  (EF1a), a housekeeping transcript which has an almost uniform 
and ubiquitous presence in sea bream tissues (Nowell et al., 2000) was also amplified in all 
cDNA in order to assess cDNA quantity and/or degradation in the PCR assays and in this way 
normalise PTHrP expression. The EF1a PCR reaction mixture was the same as for PTHrP 
with the exception of the primers and cycling conditions. The PCR cycle was as follows: 95oC 
for 2 min, 32 cycles of 95oC for 1 min, 60oC for 1 min and 72oC for 1 min and finally 
elongation at 72oC for 5 min. The primers used were designed using the the published sea 
bream EF1a sequence. Expression of PTHrP and EF1a were studied using a ImageMaster 
video system and software (Pharmacia) to analyse UV images of ethidium bromide-stained 
RT-PCR products after 1.5% agarose gel electrophoresis and results are expressed as arbitrary 
units of optical density of PTHrP/EF1a.
For studies on pituitary gene expression, Northern blotting was used. Total RNA (3- 
5^g) was fractionated on a 1.5% formaldehyde/1.5% agarose gel, transferred overnight to a 
nylon membrane (Hybond-N, Amersham) and fixed to the membrane by UV cross-linking 
(Stratalinker UV2000, Stratagene). The membranes were then hybridised overnight at 42°C 
with cDNA probes labelled by random priming (Rediprime, Amersham) with [a32P-dCTP]. 
The membranes were washed at 60°C in 1XSSC, 0.1%SDS and exposed to X-ray film Kodak 
X-OMAT with an intensifying screen at -70°C. Membranes were stripped in boiling 0.1% 
SDS for 30 min then immersed in 0.2L of 1mM Tris-HCl (pH 8), 1mM EDTA and 0.1X 
Denhardt’s solution for 2 hours at 75°C and finally washed in 0.1X SSPE before successive 
hybridisations with the different probes.
The probes used for hybridisation were sea bream specific and probes and 
hybridisation order follow: the complete cDNA of elongation factor 1a (EF1a, Nowell et al., 
2000); the full length cDNA of sea bream prolactin (PRL, Santos et al., 1999); a 650 bp 
fragment of sea bream somatolactin (SL, NCBI accession No L49205) and a 350 bp fragment 
of the sea bream growth hormone (GH, NCBI accession No S54890) all amplified from a sea 
bream pituitary cDNA library by PCR with specific primers and identity confirmed by DNA 
sequencing. After hybridisation with each 32P-DNA probe and autoradiography, images were
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captured with an image analysis system (Image Master VDS system-Pharmacia). Results are 
expressed in arbitrary units as the ratio of the signal of the mRNA of interest to their 
corresponding EF1a signal.
Statistical analysis
Data were analyzed using the Student t-test to identify groups that were significantly 
different from controls. The significance level was established as p<0.05 unless otherwise 
stated. Results are presented as mean ± SEM unless otherwise specified.
RESULTS
Effects o f E2 treatment on circulating E2, protein, calcium and phosphate
E2 implants in sea bream juveniles caused a pronounced increase in circulating E2 
levels, which was evident from the first DPI through to eight DPI. In all control samples sea 
bream had circulating plasma E2 levels below the detection limits of the RIA, while the E2- 
implanted groups had increased plasma concentrations that were 1.47±0.28, 1.03±0.15 and 
0.72±0.07 ng.ml-1 at 1, 4 and 8 DPI respectively (Figure 1A).
Circulating total protein levels (Figure 1B) in control fish at 1, 4 and 8 DPI were 
44.2±0.6 mg.ml-1, 39.1±2.9 mg.ml-1 and 41.6±1.1 mg.ml-1 respectively. In E2-treated fish total 
plasma protein was higher than in control fish and was 58.6±7.0 mg.ml-1 at 1 DPI and at 4 and 
8 DPI was significantly higher (p<0.05) than matched control groups and was 72.3±3.0 
mg.ml-1 and 84.6±3.1 mg.ml-1 respectively.
Plasma total calcium also increased considerably in response to E2 treatment as shown 
in Figure 1C. Circulating total calcium levels rose from 2.77±0.28 mmol.l-1 at 1 DPI 
(2.45±0.11 mmol.l-1 in control group) to 6.22±0.31 mmol.l-1 at 4 DPI (2.13±0.05 mmol.l-1 in 
control group) and to 9.15±0.38 mmol.l-1 at 8 DPI (1.84±0.06 mmol.l-1 in control group).
Phosphate levels (Figure 1D) were also increased by E2 implants, and rose from 
1.96±0.11 mmol.l-1 at 1 DPI to 4.02±0.22 mmol.l-1 at 4 DPI and 4.23±0.20 at 8 DPI while in 
control fish the equivalent recorded values at 1, 4 and 8 DPI were 1.81±0.08 mmol.l-1, 
1.43±0.05 mmol.l-1 and 1.63±0.13 mmol.l-1 respectively.
Effect o f E2 treatment on Plasma Osmolarity, Sodium and Chloride
E2 treatment significantly reduces (P<0.05) plasma osmolality. Average plasma values 
in E2-treated fish were lower than in control fish and decreased throughout the duration of the 
experiment, although the difference was not significant (Table I). A similar effect was
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observed in circulating sodium and plasma concentrations were progressively reduced in E2- 
treated groups at 1, 4 and 8 DPI and were significantly lower than control fish at 4 and 8 DPI. 
Plasma chloride concentrations were not affected by E2 treatment, although the concentration 
in E2-treated fish were slightly lower than in control fish, especially at 4 and 8 DPI (Table I).
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Figure 1. The effect of E2 implants (10mg/kg) in sea bream juveniles (30g) at different times (1, 4 and 8 days) 
in: (A) estradiol; (B) protein; (C) total calcium; (D) phosphate. Each point represents mean+SE of 7 fish. 
Asterisks represent significant differences (*p<0.05, **p<0.001, t-test) from corresponding controls at a given 
time. Black filled columns represent sham implanted control fish and grey filled columns represent E2 implanted 
fish.
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Table I. Effects of estradiol treatment on plasma osmolarity, chloride concentration, sodium concentration and 
branchial Na+/K+-ATPase activity in fish sampled 1, 4 and 8 days after implant. Each value represents the mean 
± standard error of seven individuals. P values are given for comparison of statistically significant differences 
between estradiol treated and the control group.
DPI Control E2-treated P value
Osmolality
(mOsmol/Kg)
1
4
8
341.0±3.0
337.3±4.5
336.7±5.1
328.7±3.2
320.7±1.6
320.7±1.0
0.019
0.006
0.011
Sodium
(mEq.L-1)
1 144.1±2.0 139.9±0.9 0.100
4 143.9±1.2 137.9±2.3 0.038
8 144.9±1.6 136.5±1.9 0.007
Chloride
(mEq.L-1)
1 143.9±2.2 144.4±2.4 0.890
4 139.6±3.0 136.2±1.9 0.356
8 142.2±2.6 138.1±3.1 0.327
Na+/K+-ATPase 1 9.98±0.84 11.82±0.96 0.175
(^molADP.mg 4 8.02±0.71 9.67±0.74 0.134
protein-1.h-1) 8 6.24±0.79 7.28±0.88 0.395
Na+ / K  -ATPase Activity
E2 implants in sea bream caused a slight increase in gill Na+/K+-ATPase activity at all 
time points in relation to control fish but statistically significant differences were not observed 
(Table I).
Plasma PTHrP levels
Circulating PTHrP levels were significantly (P<0.05) increased by E2 treatment
(Figure 2A). A 7.5 fold increase in plasma PTHrP was found in the 1 DPI fish (15.19±4.09
ng.ml"1) compared with the respective control (2.03±0.41 ng.ml"1). This difference increased
to 13-fold at 4 DPI as control group at this time point had a plasma PTHrP concentration of
2.54±0.12 ng.ml-1 compared to 34.04±4.54 ng.ml-1 in the E2-treated group. At 8 DPI plasma
levels of PTHrP had dropped to 18.38±3.66 ng.ml-1 in E2-treated fish but was still 5-fold
higher than plasma PTHrP in control fish (3.59±0.27 ng.ml-1).
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Figure 2. (A) The effect of E2  implants on 
circulating PTHrP levels at different times 
(1, 4 and 8 days) expressed as ng.ml-1. (B) 
PTHrP gene expression, evaluated by RT- 
PCT, in tissues of the sea bream directly 
involved in calcium regulation. Expression 
units are arbitrary and represent the ratio 
between optical density of PTHrP DNA and 
EF1a DNA analysed in an ethidium 
bromide/1.5% agarose gel. No significant 
differences occurred between the two 
groups. Each bar represents mean+SE of 7 
fish. Asterisks denote significant differences 
(*p<0.05, **p<0.001, t-test) from 
corresponding controls at a given time. 
Black filled columns represent sham 
implanted control fish and gray filled 
columns represent E2  implanted fish.
Gene Expression
Expression of the mRNA for PTHrP was found in the gills, kidney, hindgut and 
rectum of both untreated and treated fish at 8 DPI. PTHrP expression was also determined in 
the pituitary of both treated and control groups but was present in such low levels it was not 
possible to quantify it. Relative amounts of expression differed among tissues and was high in 
kidney and rectal extracts and lower in the mid-intestinal and branchial tissues (a 2- and 4­
fold difference respectively). Surprisingly, no significant difference in the ratio of PTHrP/ 
EF1a was found between control and E2 implanted fish (Figure 2B).
The expression of PRL, GH and SL mRNA in pituitary glands of sea bream juveniles 
used in the experiment is presented in Figure 3. E2 treatment did not appear to induce changes 
in mRNA transcript size or in the number of transcripts for PRL, GH or SL mRNA. There 
was no change in pituitary GH mRNA expression in response to treatment, although large 
individual variation was observed in levels of expression in control pituitaries (Figure 3C). A 
clear significant (P<0.05) 3-fold decrease in PRL and SL expression was evident in the 
pituitary from E2 treated fish compared to control fish (Figures 3B and 3D respectively).
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Figure 3. Gene expression of pituitary 
gland hormones, evaluated by Northern 
blot analysis in estradiol treated and non­
treated fish. (A) Typical hybridisation 
signals for Northern blot analysis of 
prolactin (PRL), growth hormone (GH), 
somatolactin (SL) and elongation factor- 
1a (EF1a). Optical density analysis of 
the hybridisation signal is presented as 
arbitrary units of the ratio between 
prolactin (B), growth hormone (C) and 
somatolactin (D) expression and the 
EF1a expression. Each column 
represents the mean±SEM of 6 
individuals. * shows significant 
differences from control fish (p<0.05).
Control Estradiol
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DISCUSSION
The present study has demonstrated that the increase in circulating E2 caused by E2 
implants is accompanied by a significant rise in plasma levels of PTHrP. Moreover, after only 
1 DPI of E2 the increase in circulating PTHrP was already significant and high plasma values 
were maintained throughout the duration of the experiment. Suggesting that through either a 
direct or indirect mechanism E2 is able to stimulate the secretion of a newly identified 
calciotropic factor in fish.
In a previous study (Guerreiro et al., 2002) the effects of 15-days E2 treatment on 
calcium balance were characterised. The present study confirms previous observations that E2 
can be effectively administered via a coconut oil implant and that increases in this steroids 
levels are attained and sustained in sea bream juveniles by this method. A significant increase 
in circulating levels occured soon after treatment and plasma E2 concentrations remained 
elevated 8 days after implantation (Figure 1A). In common with the results from previous 
studies of both freshwater and seawater immature fish (Mugiya and Watabe, 1977; Mugiya 
and Takayama, 1992; Persson et al., 1994; Mosconi et al., 1998; Suzuki et al., 2000; 
Guerreiro et al., 2002), E2 treatment in sea bream induced a marked increase in plasma 
proteins (Figure 1B), such as vitellogenin and possibly other calcium-binding proteins 
(Funamoto and Mugiya, 1998), circulating calcium (Figure 1C) and phosphate (Figure 1D). In 
the sea bream the increase in plasma calcium caused by E2 treatment is achieved by enhanced 
calcium uptake from the water as well as by increasing intestinal calcium absorption 
(Guerreiro et al., 2002). Furthermore the calcium transport across the gills seems to be 
modulated by the treatment, as calcium efflux was reduced. Suggesting E2 affects these 
processes although it still remains to be shown if it has a direct or indirect action.
Expression of the E2 receptor ß (ERß) occurs in sea bream intestine and kidney 
indicating that E2 could act directly on calcium transport at these sites. However, the absence 
of both ERß and ERa from the gills of sea bream and the rainbow trout suggest another 
regulatory factor probably acts at this site to alter calcium transport (Socorro et al., 2000; 
Persson et al., 2000). The gills are a fundamental calcium transporting tissue (Flik et al., 
1995, 1996) and therefore these observations make it unlikely that E2 alone is capable of 
evoking the overall increase in calcium uptake necessary for the increment in circulating 
concentrations. It also suggests that the E2-induced increase in calcium uptake from the water 
is an indirect effect as previously suggested in salmonids (Persson et al., 2000).
The way in which E2 modulates its calcitropic effect has received surprisingly little 
attention even in tetrapods, although evidence is accumulating which supports a role for
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PTHrP. For example, in chicken E2 has been shown to modulate the interaction between PTH 
and its receptor (Yasuoka et al., 1996), it directly stimulate parathyroid hormone (PTH) 
secretion from bovine parathyroid glands in vitro (see Prince, 1994) and it increases renal 
expression of PTHrP mRNA without changing the expression of its receptor and causes an 
increase in the rat renal calcium transport (Cros et al., 1998). In addition, E2 upregulates 
PTHrP expression and secretion in a dose dependent manner in human carcinoma cells (Funk 
and Wei, 1998) and also upregulates PTHrP expression in the rat uterus (Thiede et al., 1991). 
These observations have been taken to suggest that an estrogen response element exists in the 
PTHrP gene (Mundy and Guise, 1998).
The recent identification and characterization of PTHrP in two species of fish, the 
puffer fish (Power et al., 2000) and the sea bream (Flanagan et al 2000) and the 
demonstration that the N-terminal peptide has hypercalcemic actions in sea bream larvae 
(Guerreiro et al., 2001) make this hormone an interesting candidate for the mediation of the 
calcitropic effect of E2. PTHrP gene expression and protein synthesis has a widespread tissue 
distribution and is frequently found in tissues linked to ion regulation (Ingleton et al., 1995; 
Trivett et al, 1999; Flanagan et al., 2000). Suggesting that in fish, this hormone may have a 
paracrine/autocrine action as has previously been described in mammals (Danks and Ingleton, 
1996; Phillbrick et al., 1996). The results from the present study, in which ion regulating 
tissue were targeted demonstrated that E2 treatment failed to cause changes in PTHrP mRNA 
expression (Figure 2B). However, as gene expression was analysed in relatively few tissue 
and only at a single time point, 8 DPI, and tissue concentrations of hormone were not 
evaluated a far more comprehensive study will be required to evaluate if PTHrP mediates the 
E2 calcitropic actions in fish.
Relatively few reports exist characterising the PTHrP receptors in fish (Akino et al, 
1998; Power et al., 1999; Rubin et al., 1999) but abundant expression of the PTHrP receptor 
was described in the chloride cells of sea bream larvae (Power et al., 1999), indicating a 
function most likely related to ion transport. Moreover, preliminary studies have revealed that 
PTHrP can induce 45Ca release from pre-loaded tilapia branchial cells (unpublished 
observations).
In this study the circulating levels of PTHrP are increased up to 13-fold in response to 
E2 treatment (Figure 2A), and the increment is detected as early as 1 DPI and precede the rise 
in plasma calcium levels. These data strongly suggest that PTHrP is involved in the 
hypercalcemia observed after E2 treatment. Earlier studies using heterologous RIA have 
described circulating values in fish substantially higher than those observed in healthy
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mammals (Danks et al., 1993; Ingleton et al., 1995). The present results, obtained with an 
homologous PTHrP RIA, show that previous estimates of plasma PTHrP in sea bream using 
mammalian reagents severely underestimated the plasma values of this hormone which are 
around 2-4 ng/ml, about 40 times higher than previously reported (Danks et al., 1993). This 
observation, together with the rise induced by E2 treatment and the described effects on 
calcium uptake and drinking behavior (Guerreiro et al., 2001) may indicate, in the absence of 
PTH, an endocrine role for PTHrP in fish.
Other possible mediators of the calciotropic action of E2 may be pituitary hormones, 
such as PRL (Kaneko and Hirano, 1993; Flik et al., 1994), GH (Flik et al., 1993) and SL 
(Kaneko and Hirano, 1993), which have been reported to induce changes in calcium balance 
in fish. The response of PRL to E2 treatment differs greatly among fish species or even within 
the same species and the lack of response in trout in vivo (Le Goff et al., 1992) contrasts with 
the stimulatory effect of E2 on PRL secretion in vitro in both trout (Williams and Wigham, 
1994) and tilapia (Barry and Grau, 1986). Poh et al. (1997) reported that pituitary GH, and to 
a certain extent PRL content was elevated by E2 treatment while Yadetie and Male (2002) 
found no significant differences in pituitary PRL and GH gene expression in juvenile Atlantic 
Salmon treated with E2 and 4-nonylphenol. In the present study E2 treatment down-regulated 
PRL gene expression although the effect on pituitary secretion of the hormone was not 
determined. The expression of SL was significantly down regulated by E2 treatment in the sea 
bream, this is the first time this interaction has been studied, although SL has been linked to 
steroidogenesis in salmonids (Planas et al., 1992). The way in which E2 causes down 
regulation of the pituitary hormones and if this has consequences for its calciotropic action in 
sea bream remains to be determined. Moreover, it remains to be shown if the decrease in 
pituitary mRNA expression is paralleled by decreased levels of circulating hormone in 
plasma. Interestingly, immunocytochemistry of human pituitary demonstrated abundant 
PTHrP in some GH and PRL-producing cells (see Phillbrick et al., 1996), in fish PTHrP is 
present in the pituitary but in a distinct population of cells (Danks et al., 1993). However, the 
presence of PTHrP in the pituitary gland raises intriguing questions about how it functions at 
this site.
Associated with the increase in calcium and phosphate induced by E2 treatment was a 
reduction in plasma osmolarity and sodium levels and to a lesser extent, in chloride plasma 
titers (Table I). Whether the opposing effects of E2 on these ions are related to changes in the 
activity of ion-exchange mechanisms deserves further investigation. In the present study E2 
failed to produce any significant effects on branchial Na+/K+-ATPase activity. Previous
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studies on the osmoregulatory capacity of fish after long term E2 treatment, indicate it has no 
effects (Yada and Ito, 1999) or, in most cases, reduces branchial Na+/K+-ATPase activity 
(Madsen and Korsgaard, 1991; Coimbra et al., 1993; Vijayan et al., 2001). However, all the 
previous experiments were performed with salmonids, a group of fish with a very particular 
life history, in which the rise in estradiol during sexual maturation is associated with the 
transition from a seawater to a freshwater habitat, and therefore might reflect a species 
specific response not comparable with other taxonomic groups.
In conclusion, E2 significantly stimulates the secretion of PTHrP into the blood stream 
in the sea bream suggesting it may regulate this hormone in vivo, although it remains to be 
established if this is a direct or indirect action. It is clear that E2 causes a rise in plasma 
calcium in sea bream but it is still uncertain if its effect on calcium transport in sea bream is 
direct or mediated via other endocrine factors. The rise in PTHrP circulating levels soon after 
E2 treatment and before the increase in plasma calcemia makes it a promising candidate for 
the modulation of the hypercalcaemic action of E2. Identification of E2 response element in 
piscine PTHrP gene would strengthen the arguments in favour for its role in E2 induced 
hypercalcaemia. The origin of the high circulating levels of PTHrP still remains to be 
identified and the existence of a PTHrP secretory gland has not been ruled out.
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Chapter
Cloning and Tissue Distribution of the 
Calcium Sensing Receptor in the 
Sea Bream (Sparus aurata)
Abstract
The cDNA for the calcium-sensing receptor (CaSR) gene has been cloned from the marine teleost 
Sparus aurata, the gilthead sea bream. The isolated clones were 3.3 kb long with an open reading 
frame of 2820 bp, a 50 UTR of 240 bp, and 30 UTR of 248 bp. The gene codes for a mature peptide 
of 940 amino acids which has three principal domains; the extracellular region is more than half the 
total protein, there is a seven-transmembrane domain, and there is a short intracellular domain. There 
is considerable sequence identity, 91%, shared between the CaSR of sea bream and puffer fish but 
overall similarities with mammalian and avian CaSR peptides vary between 72-73% for rat, mouse 
and human and 78% with chicken CaSR. Nevertheless, the 18 cysteine residues of the extracellular 
domain are present in all sequences so far analysed of which 9 form a cysteine-rich region in sea 
bream similar to mammalian CaSR. The distribution of CaSR in sea bream tissues detected by in situ 
hybridisation showed gene expression in epithelia associated with ion transport or ion regulation 
including the hind gut, chloride cells of the gills, operculum, gall bladder, pituitary adenohypophysis, 
and coronet cells of the saccus vasculosus; this distribution was confirmed by RT-PCR. By in situ 
hybridisation, CaSR gene expression was also present in olfactory nerves and leucocytes.
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INTRODUCTION
In all vertebrates calcium is a vital ion for normal functioning of many physiological 
systems, particularly the cardiovascular system, for neurotransmission and muscular tone. It 
was predicted in 1991 (Brown, 1991) that ionic calcium itself could act as a controlling factor 
for production and release of physiological factors which maintain calcium homeostasis. 
Subsequently a membrane-associated receptor was identified and cloned from bovine 
parathyroid glands (Brown et al., 1993), the gland which in tetrapod vertebrates secretes 
parathyroid hormone (PTH), the principal hypercalcaemic factor in all terrestrial vertebrates. 
The calcium-sensing receptor (CaSR) is a large protein (>100kD) composed of an 
extracellular N-terminus domain c. 600 amino acids long, seven transmembrane domains and 
a shorter intracellular C-terminus. It belongs to the large family of G-protein-linked receptors, 
specifically Family 3 and is most closely related, by amino acid sequence identity, to 
glutamate receptors of the brain (Nakanishi, 1992). Similar CaSR have now been cloned from 
several mammalian tissues including bovine (Brown et al., 1993), human (Aida et al., 1995), 
rat (Brown et al., 1994; Riccardi et al., 1995) and mouse (Oda et al., 2000) kidney and brain 
tissue (Brown et al., 1993, Ruat et al., 1995), also from chicken parathyroid glands (Diaz et 
al., 1997) and from a marine teleost, the puffer fish (Fugu rubripes) genomic library (Naito et 
al., 1998).
The control of calcium homeostasis in tetrapod vertebrates is achieved by the action of 
calcitonin, PTH and vitamin D3. PTH elevates circulating calcium by mobilising stored 
calcium in bone and enhancing release of phosphate by the kidney. Ionic calcium exerts a 
negative feed-back control on PTH release via the CaSR. The parathyroid gland and 
associated systems first evolved in amphibia and were essential developments for terrestrial 
vertebrates because their only source of calcium is via the diet, which contains variable 
amounts of calcium and is intermittent in supply, so that a physiological system was needed 
to raise plasma calcium from internal stores in order to maintain circulating levels.
Fish do not have a parathyroid gland and appear to be less dependent upon internal 
calcium-mobilising metabolic system, but instead have constant supplies of calcium 
principally from surrounding water, which, in the case of sea water, contains 10mM calcium 
(Flik et al., 1995). Marine fish species in particular depend more upon hypocalcaemic factors, 
including Stanniocalcin, than on hypercalcaemic ones because they drink sea water to extract 
water and incidentally absorb ions including calcium. However, fresh water and euryhaline 
species of fish can elevate internal calcium ions by increasing influx or reducing efflux via 
the gut, skin, kidney and gills. Although no PTH or PTH-gene has been identified in fish a 
potential hypercalcaemic factor has been identified recently with the cloning of the gene for
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parathyroid hormone-related protein (PTHrP) in sea bream (Flanagan et al., 2000) and Fugu 
rubripes (Power et al., 2000). Initial studies in sea bream larvae have shown that the N- 
terminus of Fugu PTHrP is hypercalcaemic in sea bream larvae (Guerreiro et al., 2001), an 
action similar to the effects of N-terminus PTHrP in mammals (Philbrick et al., 1996). In 
addition PTHrP gene is expressed in sea bream tissues associated with ion balance, including 
kidney, gills and gut epithelia (Flanagan et al., 2000).
In order to study the hyercalcaemic system in fish we have now cloned the CaSR in 
sea bream and herein report the full length cDNA sequence and predicted amino acid 
sequence; these have been compared with other known CaSR sequences and distribution of 
gene expression in sea bream tissues has been demonstrated by reverse transcriptase- 
polymerase chain reaction (RT-PCR) and in situ hybridisation.
MATERIALS AND METHODS
Isolation and sequencing o f Sparus CaSR cDNA
A 500bp CaSR probe was prepared by PCR from Sparus genomic DNA using 
degenerate primers (Sense 5' CAC CAG GCC ACM GCC ATG 3' and Antisense 5' AAK 
GTT TCC TCC CAA AAC TC 3') derived by aligning the mammalian and Fugu Exon 3 
CaSR sequences. This exon was deliberately chosen because it shares limited sequence 
identity with related receptors of the metabotropic glutamate receptors subtype 1 (mGluR1) 
and other members of the G-protein coupled receptor Family 1.
The PCR reactions were performed in a final volume of 50^l, containing 0.1 ng of 
genomic DNA, 0.2mM of each primer, 3mM MgCl2 , 0.5^l of 10mM dNTPs, 1.25U of 
HotStart Polymerase (Qiagen) and the supplied reaction buffer. The cycling conditions were 
as follows: i) initial denaturation for 15 minutes at 95oC, ii) 30 cycles of 1minute each at 
94oC, 54oC and 72oC and iii) a final extension step of 10 minutes at 72oC. The PCR product 
obtained was subcloned into pGEM-T (Promega) and sequenced.
Following sequence authentication of the probe, it was labelled with [32 P] dCTP by 
random hexamer primer Redivue labelling kit (Amersham) and then used to screen a sea 
bream kidney cDNA library prepared in X ZAPII (Stratagene). Full details of the library 
construction and hybridisation conditions are described in Santos et al., (1999). Of 
approximately 8 x 1 0 5 phage screened, 2  positive plaques were selected, rescreened until 
specific individual clones were obtained. The size of the CaSR cDNA inserts was determined 
by digesting the rescued phagemids with EcoRI at 37oC for 90 minutes.
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The 3.1kb insert was sonicated to an approximate size of 500bp, end- filled with T4 
DNA polymerase, PEG precipitated and ligated into a phosphatased blunt ended EcoRV-cut 
pBluescript vector (Stratagene). After transformation, the inserts were PCR amplified using 
limiting dilutions of primers and dNTPs and sequenced directly using PE Biosystems Big 
Dye terminator reaction mix according to the manufacturer's instructions. Sequences were 
transferred to a UNIX environment and quality clipped using a modified Pregap script 
(Bonfield and Staden, 1996). Sequences were screened against sequencing and cloning vector 
(pBluescript, in both cases) and matching regions were masked prior to further analyses. 
Contig assembly was performed using Gap4 (Bonfield et al, 1995). The coding region of the 
calcium sensing receptor was identified by BLAST similarity searches using BLAST v 2.0 
(Altschul et al, 1997) against the SPTR database (Bairoch and Apweiler, 1997).
RT-PCR analysis o f tissue distribution o f gene expression.
Tissues were collected from a mature sea bream (1.1kg; 3+ years old) using sterilised 
instruments. The tissue samples, hind gut, pituitary, corpuscles of Stannius, kidney and bone, 
were immediately frozen in liquid nitrogen and later transferred to storage at -80oC.
Total RNA was extracted from tissues using Tri-reagent (Sigma), the final RNA 
concentration was measured using a GeneQuant Pharmacia spectrophotometer and a sample 
of each extract was run in a TBE 1.5% agarose gel to evaluate the content and quality of the 
RNA.
Complementary DNA (cDNA) was synthesised using a poly T oligonucleotide (Oligo 
dT) method. DEPC water was added to a volume of extract containing 5^g RNA to give a 
final total volume of 15^l which was then incubated for 3 minutes at 70oC before 
immediately cooling in ice. After 5 minutes in ice 5 |il of the following mixture was added to 
each tube: 1.25 |il oligo dT 1^g/^l (Pharmacia); 2 |il of 5x RT buffer (Gobco); 0.25 |il of 
MMLV Reverse transcriptase (200U/^l) (Gibco); 0.5 ml dNTPs (10mM) (Pharmacia) and 1 
|il DTT (0.1M). The tubes were incubated for 3 hours at 37oC; the reaction was stopped by 
heating at 65oC for 5 minutes and the vials were then stored at -20oC. These cDNA samples 
were then used for CaSR detection by RT-PCR as follows.
RT-PCR was performed in a thermo-cycler (RoboCycler, Stratagene) using 
homologous primers 5’ ACA GGA TTG GAT GTG CCG TTT A 3’ (CaSRfwd1) and 5’ CGT 
TGG TCT TGA GGC TGA TGG 3’ (CaSRrev1) chosen from Sparus CaSR gene sequence 
and synthesised by MWG Biotech. AG, to give a DNA product of 740 bp. The reaction 
mixture consisted of 5 |il. of 25mM. MgCl2, 5 |il of 10x PCR buffer, 1 ml of 10 mM dNTPs,
0.25 |il Taq polymerase 5U/^l), 1^l of each primer (50 pmol/^l), 2.5 |il cDNA and sterile
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water to a total volume of 50 |il. The cycle conditions were: 94oC for 3 minutes, then 30 
cycles of 94oC for 1 minutes, 59oC for 1.5 minutes, 72oC for 1 minute and finally 72oC for 5 
minutes. A 10 |il volume of each reaction product was then run on a TBE 1.5% agarose gel.
Elongation factor 1 a  (EF1a) cDNA was chosen as a sea bream specific sequence 
which has almost uniform and ubiquitous occurrence in sea bream tissues (Nowell et al., 
2000) as the comparator for CaSR. The cycling conditions were slightly different from those 
for CaSR and were as follows : 95oC for 2 minutes, 32 cycles of 95oC for I minute, 60oC for 1 
minutes and 72oC for 1 minute and finally elongation at 72oC for 5 minutes in the same 
reaction mixture as used for CaSR.
In situ hybridisation o f calcium-sensing receptor gene expression
The method of in situ hybridisation was the same as that used for detecting sea bream 
PTHrP and described in detail in Flanagan et al., 2000. Briefly, oligonucleotide probes (33- 
mer), between positions 316 and 349, 591 -  623 and 2712 - 2737 were chosen from the 
extracellular domain of the receptor sequence and end-labelled with digoxygenin (DIG). 
Tissues of juvenile sea bream were fixed in sublimated Bouin-Hollande (Kraicer et al., 1967), 
dehydrated and wax embedded, with sections finally mounted on APES-coated slides.
The probe was end-labelled with DIG using terminal transferase in a 20^l reaction 
volume: 12^l DEPC water, 4^l 5X TDT buffer, 1^l (1^g) probe, 1^l DIG-11-UTP 
(25nmoles), 2^l terminal transferase (Gibco-BRL). The mixture was incubated at 37oC 
overnight and the reaction stopped by addition of 2^l of 100mM EDTA.
Labelled probe was purified using a 2 cm column of G25 Sephadex soaked in elution 
buffer (0.1X SSC + 0.1% SDS). The reaction mixture was added to the top of the column, 
washed in with 2 0 0 ^l of elution buffer, and ten successive aliquots were added to and 
collected from the column. To detect the fractions with labeled probe 1^l from each sample 
was spotted onto nitrocellulose paper pre-soaked in DEPC water and 20X SSC and blotted 
dry. The samples were fixed by baking for 1 hour at 80°C or by ultraviolet irradiation. The 
dried nitrocellulose paper was re-wetted with buffer 1 (12.1g Tris; 8.7g sodium chloride per l 
distilled water, pH 7.5). Non-specific antibody binding was blocked by incubation in 1ml of 
3% BSA in buffer 1 for 30 minutes at room temperature [20oC] (RT) before incubation with 
antiserum to DIG, diluted 1:500 in BSA/buffer 1 solution, for 30 minutes at RT. The 
nitrocellulose membrane was then washed 5 times for 3 mintes each in buffer 1, with gentle 
rocking. Finally the paper was equilibrated with buffer 2 (12.1g Tris, 5.84g sodium chloride, 
10.16g magnesium chloride per litre, pH 9.5) for 5 minutes. Colour was then developed in a
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solution of buffer 2 containing 45 ^ l of NBT and 35^l of BCIP at RT and a trace of 
levamisole.
The samples containing labelled probe were then pooled, divided into 10^l aliquots 
and lyophilized for storage at -20oC.
Hybridisation procedure
Sections were de-waxed and rehydrated through graded alcohols diluted with DEPC 
water. For pre-hybridisation slides were immersed in 25% deionized formamide in 3X SSC 
for 60 minutes. 2 0 ^l aliquot of hybridisation mix per section was prepared each containing 
1^l of labelled probe. Sections were covered with glass coverslips and incubated at RT 
overnight. Coverslips were removed by soaking in 4X SSC then washed in 3X SSC twice for 
15 minutes. Further more stringent washes followed, 1X SSC then 0.1X SSC for 5 minutes. 
Hybridised probe was detected using anti-DIG /AP conjugated serum at 1:500 dilution in 
blocking solution for 2  hours after blocking non-specific reactions with a 2 % solution of 
dried milk in buffer 1 for 30 minutes. After washing in buffer 1 and then buffer 2 colour was 
developed by addition of a solution of NBT/BCIP and levamisole in buffer 2. Slides were 
incubated overnight at RT (20oC) in a dark chamber. After washing in deionised water and 
running tap water the sections were mounted in glycerogel.
RESULTS
Calcium-sensing receptor cDNA sequence.
Two identical CaSR full-length clones were isolated from independent rounds of 
screening a sea bream kidney cDNA library. Both clones were 3308 bp long containing a 
240 bp 5' UTR, and open reading frame of 2820 bp and 248 bp 3' UTR. The sequence has 
been deposited in GenBank with accession number AJ 289717. The nucleotide sequence of 
sea bream calcium sensing receptor (CaSR) and deduced amino acids are shown in Figure 1. 
The complete sequence consists of 940 amino acids in the mature protein with a pre-sequence 
of 20 residues. The predicted peptide sequence consists of 3 principal domains similar to 
those identified in the sequences of other species' CaSR proteins. There is a large N-terminus 
extracellular domain of 597 amino acids constituting more than half of the total receptor 
protein. This domain includes 18 conserved cysteine residues, 13 N-linked potential 
glycosylation sites and a hydrophobic region of 24 amino acids located between residues 186 
and 209. The following 7 trans-membrane domains make a total of 249 amino acids between 
positions 598 and 846 and include 3 conserved cysteine residues. There is a short intracellular 
region of 94 amino acids from residue 847 to 940.
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GCACGAGAGCATGCTGGATATTTTGGGGGAAAGGCCTTCAAATCTGTGTGTGTCCCTGCA
GATGAGCCGATTCAAGTGTTTTTAAACCACACACTCAAGAGTTCAGGCGTTCCATCATTG
CAAACATGAATAGCACCAAACCCCACAGCAGGCAGATTGATGGGAGAAGATAATATTGAG
AGTACCTTCACTCTGGGGAGCTGTAGAAAATAATCCTACCCGTTAGAAAGAAAAAGTAAG
M  R  L V  L Y Y L I L L G S S Y V  I S T Y 20
atgagactggttctgtattatctgatcctgctgggatccagttatgtgatttcaacctat
G P H Q R A  Q M  T G D I L L G G L F P I
gggccccatcaaagagcacagatgaccggtgacattttgctcggaggtcttttccctata
H F G V  A  S K D Q D L A  A  R P E S S Q C
cactttggtgttgcctccaaagaccaagaccttgcagcccggcccgaatcgtcacaatgc
V  R F N F R G F R W L Q A  M  I F A  I D E 
gtcaggttcaatttccgtggtttccgttggctccaggccatgattttcgcgatcgatgag
I N N S S T L L P N I T L G Y R I F D T 
ataaacaacagcagcactcttctgcccaacatcacactgggctacagaatctttgacaca
C N T V  S K A  L E A  T L S F V  A  Q N K I 120 
tgcaatacagtgtcaaaagccctggaagctacgcttagttttgtggcccaaaataagatt 
D S L N L D E F C N C T D H I P A  T I A  
gactccctgaatttagatgaattttgtaactgcactgatcacattccagcaaccattgca
V  V  G A  A  G S A  V  S T A  V  A  N L L G L F 
gttgtaggagcagctggatccgcagtctctacagcagtcgcgaacctactgggccttttc
V I P Q I S Y A  S S S R L L S N K N Q Y 
tacattcctcagatcagctacgcctcctctagtcgcttactgagcaacaagaaccagtac 
K S F M  R T I P T D E Y Q A  T A  M  A  D I 
aagtccttcatgagaaccattcctactgatgagtaccaggccacagccatggcggacatc
I E F F Q W  N  W  V  S A  V  A  S D D D Y G R 
atcgagttcttccagtggaactgggtcagtgccgtggcctcagatgatgactatggacgc
P G V  E K F E K E M  E E R D I C I H L N 240 
ccaggggttgaaaagtttgagaaagagatggaggagcgagacatctgtattcacctcaat 
E L I S Q Y F E D H E I Q A  L A  D R I E 
gaactcatttcccagtactttgaggatcatgaaatccaagctctggccgacaggatcgag 
N S T A  K V  I V  V  F A  S G P D I E P L I 
aactccacagctaaagtcattgttgtgtttgccagcggcccagatattgaacctttaatt 
K E M  V  R R N I T D R I W L A  S E A  W S 
aaagagatggtgaggagaaacatcacagatcgtatctggttggccagcgaagcatggtca 
S S S L I A  K P E Y L D V  V  A  G T I G F 
agctcctccctcatcgctaaaccagagtatcttgatgtcgtggcagggactattggcttt 
A  L K A  G H I P G F R E F L Q Q V  Q P K 
gctctgaaggcaggccatatacctggctttagggagttcttacaacaagtccaaccaaag 
K D S H N E F V  R E F W E E T F N C Y L 360 
aaagatagtcacaatgaatttgtcagggagttctgggaagaaaccttcaactgctatctg 
E D S P R L Q E S E N G S T S F R P L C 
gaagacagcccaagactgcaagaaagtgagaatggcagtacgagtttcaggcctttgtgt 
T G E E D I T S V  E T P Y L D Y T H L R 
actggtgaggaagacatcacgagcgttgagaccccatacctggactacacacatcttcga
I S Y N V  Y V  A  V  Y S I A  Q A  L Q D I L 
atctcctataatgtctatgttgcagtttattccattgcacaggccctgcaggacatactc 
T C T P G Q G L F A  N N S C A  D I K K M 
acctgcacacctggacaaggactattcgccaacaattcttgtgcagatataaagaaaatg 
E A  W Q V  L K Q L R H L N Y T N S M  G E 
gaagcatggcaggtcctgaagcagctcagacatttgaactacaccaacagtatgggcgaa 
K M  H F D E N A  D L A  A  N Y T L I N W H 480 
aagatgcactttgatgagaatgcagatctggcagcaaactacacccttataaactggcac 
R S A  E D G S V  V  F E E V  G Y Y N M  H A  
aggtctgctgaggatggctctgtggtgtttgaggaggtcggatactacaacatgcatgca 
K R G G K L F I D N T K I L W N G F S S 
aagagaggaggcaaacttttcatcgacaacacaaagattctgtggaatggattcagttct 
E V  P F S N C S E D C E P G T R K G I I 
gaggtgccattctctaactgcagtgaggactgtgaacctggtacaagaaaaggaatcata 
D S M  P T C C F E C T E C S D G E Y S Y 
gacagtatgcccacatgctgctttgaatgcaccgaatgctcagatggagaatacagttat 
H K D A  S V  C T K C P N N S W S N G N H 
cataaagatgccagcgtgtgcaccaagtgtccaaacaactcctggtccaatggaaaccac 
T F C F L K E I E F L S W T E P F G I A  600
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1981 acattctgcttcctgaaggaaattgagtttctttcctggacggagccgtttgggatagcc 
L A  I C A  V  L G V  V  L T A  F V  M  G V  F V  
2041 ttggccatatgtgcggtgctgggtgttgtcttgacagcctttgtgatgggagtctttgtc 
R F R N T P I V  K A  T N R E L S Y V  L L 
2101 agatttcgcaacacccccatagtgaaggccacaaaccgagaactatcctacgtcctcctc 
F S L I C C F S S S L I F I G Q P Q D W 
2161 ttctcacttatctgttgcttctccagctcgctcatcttcatcggacagccacaggattgg 
M  C R L R Q P A  F G I S F V  L C I S C I 
2221 atgtgccgtttacgccagcccgcctttgggatcagttttgttctctgcatctcctgcatc 
L V  K T N R V  L L V  F E A  K I P T S L H 
22 81 ctggtgaaaaccaacagagtgctcttggtatttgaagccaagatcccaacaagtctccat
R K W W G L N L Q F L L V  F L C T F V  Q 720 
2 341 cgtaaatggtggggattaaacctgcagttcctgttggtgtttctgtgcacgtttgtccaa
V  M  I C V  V  W L Y N A  P P S S Y M  N H D 
2401 gtcatgatatgtgtggtttggctttacaacgcccctccttccagttacatgaatcacgac
I D E I I F I T C N E G S V  M  A  L G F L 
2461 attgatgagatcatttttatcacctgcaatgagggctctgtgatggctctggggtttctt 
I G Y T C L L A  A  I C F F F A  F K S R K 
2 521 attggctatacatgcctccttgcagctatttgtttcttctttgcttttaagtcacggaaa 
L P E N F T E A  K F I T F S M  L I F F I 
2581 cttccagaaaacttcacagaggccaagttcatcacgttcagcatgctcatattctttata
V  W I S F I P A  Y F S T Y G K F V  S A  V
2 641 gtttggatctctttcatccccgcgtacttcagtacttacggcaagtttgtttcagctgtg
E A  I A  I L A  S S F G M  L A  C I F F N K 840 
2701 gaggctattgctatactggcatccagctttgggatgctggcctgcatcttcttcaacaag
V  Y I I L F K P S R N T I E E V  R C S T
2 7 61 gtctacatcatcctcttcaaaccctccaggaacaccatagaggaagtccgatgcagcacc 
A  A  H A  F K V  A  A  K A  T L K H N T A  A  R
2 821 gcagcccacgccttcaaagtggctgccaaagccacgcttaaacacaacacagctgcgaga 
K K S S S I G G S S S S T P S S S I S L
2 8 81 aagaagtccagcagcatcggtggatcatcttcctcaactccgtcctcatccatcagcctc
K T N G N D C D A  T S G K H R P R V  S F 
2941 aagaccaacggcaacgactgtgatgcgacttcagggaagcataggccaagagtgagcttt
G S G T V  T L S L S F E E S R R S S L M  940 
3001 ggcagtggaacagttactctgtctttgagctttgaggagtcgaggaggagttctctgatg
3 0 61 TGAGAGCATATGTGTTTGTCAAACTTCAGCTTTCTGAATCCAATTTTTAAGGTGCATTTT 
3121 GGACTTTATTTTGAAATGCATGTACACTTAGGCCTTTTCATCCACACATCCACACATTTG 
3181 TCAGACATAGAATATCAATATCAGTCCAATCTATATACTGCACTATAACTGAATCATGTG 
32 41 ACTGGTAGTTTTCTAAAAACAGCCCTGGATGTACACTGCTGATAATAAGATATTTTGGAC 
3301 AATTAAAA
Figure 1. Sea bream calcium-sensing receptor nucleotide and deduced amino acid (aa) sequences. The signal 
peptide, presented in bold typescript, is 20 aa long and is followed by the extracellular domain of 597aa. This 
region includes 16 conserved cysteine residues (C) with a cluster between aa 546 and 553. There are 13 N- 
linked potential glycosylation sites (N) and a hydrophobic region between positions 186 and 209, presented in 
bold typescript and underlined. The transmembrane domain is composed of 7 folds (underlined), in total 249 aa 
between positions 598 and 846 and includes three conserved cysteine residues (C). The intracellular domain of 
the receptor is the shortest region of 94 aa beginning at position 847.
Alignment of the amino acid sequence of sea bream CaSR with other known 
mammalian, avian and puffer fish CaSR showed close identity between them all. CaSR from 
the marine teleosts puffer fish and sea bream share 91% amino acid identity. However 
comparison of mammalian, avian and the puffer fish CaSR peptides (Figure 2) with sea 
bream CaSR, using Clustal, reveals levels of identity with human (73%), bovine (72%), rat
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(73%) mouse (72%) and chicken (78%) which although lower than puffer fish are 
nevertheless relatively high. Comparisons of the three different domains of sea bream CaSR 
with the various mammalian species showed that the greatest divergence was in the 
intracellular C-terminus domain with amino acid identities of only 48% (human), 45% 
(bovine), 44% (mouse and rat), 52% (chicken); however puffer fish and sea bream share 85% 
identity in that domain. The trans-membrane sequences were most similar; sea bream shared 
96% identity with puffer fish and 87% with the other organisms' CaSR. There was also 
significant sequence identity shared between the extracellular domains of all the receptors. In 
particular the 18 cysteines of this region were conserved and, in sea bream CaSR, 9 cysteines 
between residues 527 and 583 created a cysteine-rich region. This region in mammals 
appears to be important for normal functioning of the receptor (Hu et al., 2000) and those in 
positions 101 and 236 are important for disulphide mediated dimerisation (Pace et al., 1999). 
There were 13 potential glycosylation sites in the extracellular domain of sea bream CaSR all 
of which were found to be shared with puffer fish CaSR but there were only 11 found in the 
mammalian sequences and the distribution of these similarly-expressed amino acids was 
different amongst the various species.
Table I. Shared homology between the sea bream CaSR amino acid sequence and those of other organisms. The 
several domains of the receptor show different identity levels, being the intracellular region the most variable.
Shared identity (%) with the sea bream
Organism Overall Extracellular Transmembrane Intracellular
Puffer fish 91 90 96 85
Chicken 78 72 87 52
Human 73 72 87 48
Bovine 72 72 87 45
Rat 73 72 87 44
Mouse 72 72 87 44
Phylogenetic analysis of the amino acid sequences (Figure 3) indicated little 
divergence among species, as expected from the high overall homology. However the 
different sequences clearly clustered in three groups representing the mammalian, avian and 
piscine species.
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Figure 2. Multiple sequence alignment of calcium-sensing receptor (CaSR) amino acids in mammalian and fish 
peptides. Amino acid identity shared between CaSR of all the species is marked by * which demonstrates the 
close similarity between the extracellular and trans-membrane domains of all the receptors. The C’ terminal, 
intracellular domain of both Fugu and Sparus CaSR is truncated compared with the mammalian peptides and 
also has less sequence similarity than other domains.
Gene expression in sea bream tissues.
RT-PCR performed on total RNA, revealed expression of CaSR in several tissues and 
although expression levels vary in distinct tissues, average expression is quite low. Higher 
levels of expression occurred in pituitary, bone and kidney, as well as in the gut and the 
corpuscles of Stannius, all tissues involved in ionic regulation in fish (Figure 4).
The identification of CaSR gene expression in sea bream tissues by DIG-labelled 
oligonucleotide probe are illustrated in Figures 5A to G. Gene expression was noted in tissues 
associated with ion regulation including hind gut epithelium (Fig. 5A), chloride cells of the 
gills (Fig 5B), and integument epithelium, particularly that of the operculum (Fig. 5E). The 
gall bladder lining epithelium and exocrine pancreas tissue associated with the gall bladder 
also expressed the calcium-sensing receptor gene (Fig. 5C). Pancreatic tissue in the liver also 
hybridised with the oligoprobe but there was only a low level of gene expression and in the 
kidney gene expression occurred only in the interrenal tissues and not in the tubule 
epithelial cells (not illustated). Cells of the pituitary immediately adjacent to the 
neurohypophysis in all regions of the adenohypophysis, showed abundant hybridisation (Fig. 
5F) and there was hybridisation in the olfactory nerves. Some coronet cells of the saccus 
vasculosus expressed the calcium-sensing receptor gene (Fig. 5G) but the most abundant 
expression was in leucocytes whether they were migrating through the liver and pancreas or
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in other tissues, for example, the lamina propria of the gut (Fig. 5A) or wall of the gall 
bladder (Fig. 5C). There was notable differential gene expression in muscles of the 
operculum in which some of the muscle blocks contained abundant expression but others 
contained none (Fig. 5E). In the kidney hybridisation only occurred in the interrenal tissue 
with no reaction in any of the renal tubule epithelium and there was only a very low level of 
hybridisation in some cells of the corpuscles of Stannius (not illustrated).
Figure 3. Phylogenetic unrooted tree showing 
relative divergence among the known amino acid 
sequences for the CaSR. Mammals cluster together in 
a bifurcated branch separating the rodent from the 
human and bovine sequence. Piscine sequences 
aggregate in the other extreme of the tree. Chicken 
CaSR occupies a separate branch, closer to the other 
terrestrial vertebrates.
0.1
DISCUSSION
The nucleotide and amino acid sequences of sea bream CaSR show very close identity 
with that of the puffer fish and significant identity with sequences of mammalian species' 
CaSR. The overall organisation of the fish cDNA and deduced amino acids are similar to 
mammalian CaSR with three domains but the intracellular domain of sea bream is shorter 
suggesting that it may be more limited in the range of its functions and intracellular 
transmission mechanisms. In the extracellular region there are conserved sequences and 
cysteine residues associated in mammals with formation of disulphide 
bridges, calcium ion binding and the formation of additional disulphide bonds following 
calcium-ion interaction (Ward et al., 1998). These conserved features suggest that the 
function of CaSR in sea bream is similar to that of mammalian species and has been 
preserved throughout evolution of the vertebrates. The human receptor, with the cysteine- 
rich domain (residues 540-601) replaced by the puffer fish equivalent sequence, retained full
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calcium-binding properties (Hu et al., 2000), suggesting that in fish the sequence is involved 
in similar functions and mechanisms. The most highly conserved region is the transmembrane 
sequence, probably related to anchorage and transmission functions of the seven domains 
within the membrane molecular structure.
Figure 4. Distribution of calcium- 
sensing receptor (CaSR) detected by 
RT-PCR in tissues of Sparus. The upper 
panel shows CaSR and the lower 
elongation factor 1a (EF1a); lane 1) 
pituitary, 2) corpuscles of Stannius, 3) 
kidney, 4) bone, 5) hind gut, NC) 
negative control, MW) molecular 
weight markers. The CaSR DNA 
product was 740bp as expected and the 
EF1a,195bp.
Table II. Tissue distribution and relative quantity 
of CaSR gene expression analyzed by means of in 
situ hybridization in the sea bream. (— )Absent; 
(-) Scarce; (□) Noticeable; (+) Abundant; (+ +) 
Very Abundant.
Tissue distribution
Expression
level
Hind gut epithelium +
Gill chloride cells □
Opercular epithelium +
Gall bladder □
Pancreatic tissue -
Interrenal □
Renal tubule epithelium -  -
Adenohypophysis + +
Olfacory nerves □
Saccus vasculosus -
Leucocytes + +
Muscle □
Cospuscles of Stannius -
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Although the peptide and gene sequences of sea bream CaSR are similar to 
mammalian sequences the tissue distribution is more diverse. This diversity may be related to 
both the different environments i.e. aquatic versus terrestrial, as well as to the absence of a 
parathyroid gland in fishes. So far no organ or tissue, which resembles morphologically or 
functionally the parathyroid gland of tetrapods, has been identified in fishes. Similarly no 
parathyroid hormone has been identified in fishes, although early work indicated a possible 
PTH-like peptide which interacted with antisera to mammalian PTH (Kaneko and Pang, 
1987; Fraser et al., 1991). However, the recent cloning of the sea bream cDNA (Flanagan et 
al., 2000) and puffer fish genomic DNA (Power et al., 2000) sequences of parathyroid 
hormone-related protein (PTHrP) suggest a possible hypercalcaemic factor in teleost fishes. 
Moreover, the N-terminus 1-34 puffer fish PTHrP has been shown to have hypercalcaemic 
effects in larval sea bream (Guerreiro et al., 2001) and tilapia (Fuentes and Guerreiro, 2000, 
personal communication). Mammalian PTHrP resembles PTH only in the N-terminus where 
binding occurs to a common receptor in bone and kidney and through which calcified matrix 
of bone is solubilised and absorption of calcium and phosphate by kidney tubule epithelium is 
modified, resulting in raised levels of plasma calcium. PTHrP in mammals is widely 
distributed (Ingleton & Danks, 1996; Philbrick et al., 1996) and has multiple functions; its 
hypercalcaemic effects are most significant when expressed in malignant tissues so causing 
humoral hypercalcaemia of malignancy. In sea bream too, PTHrP is expressed in several 
tissues (Flanagan et al., 2000) some of which, for example, gut epithelium, integument, gills, 
kidney tubules and possibly saccus vasculosus, are known to be involved in calcium ion 
regulation. (Flik et al., 1996). O f these tissues gut, integument, saccus vasculosus and gill 
chloride cells also express the CaSR gene suggesting a possible feed-back control mechanism 
of calcium ions on these cells; but it remains to be seen whether production of PTHrP is 
controlled by calcium ions acting through the CaSR. Recently the secretion of PTHrP by 
human astrocytes, astrocytoma and meningiomas has been shown to be regulated by elevated 
calcium acting via the CaSR (Chattopadyhay et al., 2000). Radman and co-workers (2002), 
using calcimimetics, pharmacological agents that increase the sensitivity of the CaSR to 
calcium, have show that stanniocalcin secretion in trout is regulated by the CaSR, thus 
relating this protein to the control of calcium balance in fish.
However, calcium modulates other cell functions not concerned with ion homeostasis. 
The unusual distribution of CaSR in a sub-population of muscles on the 
operculum suggests that some of them are sensitive to calcium ions and others are not, and 
that there is the possibility that those with CaSR are responsive to environmental calcium
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Figure 5. In situ hybridisation of DIG-labelled calcium-sensing receptor (CaSR) oligoprobes in sea bream 
tissues. (A) Hind gut with abundant hybridisation in the mucosal epithelium (h) and in cells of the lamina 
propria (lp), probably leucocytes.(B) Gill filament in which the chloride cells (c ) show hybridisation. (C) Wall 
of the gall bladder with signal in epithelial cells (g), exocrine pancreas (ep) and at a low level in the circular 
muscle (m). (D) The adjacent section in the gall bladder to that in 5C showing no hybridisation with a sense 
probe. (g: gall bladder epithelium). (E) Transverse section through the operculum in which signal is abundant in 
some muscles (m) but absent from others; and the integument epithelium (s) also shows hybridisation. (F) 
Pituitary showing a representative area in which secretory cells surrounding neurohypophysial axon bundles 
(nh) have hybridised with the CaSR probe. (G) Some coronet cells (cc) in the saccus vasculosus have 
hybridised with the oligoprobe and others show no reaction.
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ions as well as plasma levels. In the pituitary the distribution of CaSR in cells adjacent to the 
neuropyhophysis in all regions of the pars distalis as well as the pars intermedia suggests a 
potential interaction between nerve axons from hypothalamic nuclei and feed-back of 
pituitary factors affected by calcium ions in the nervous system.
The olfactory epithelium and olfactory nerves all contained CaSR gene expression 
and the olfactory lobe of the brain has nerve connections with hypothalamic nuclei involved 
in control of pituitary secretory function. Recently, Naito et al (1998) cloned several putative 
pheromone receptors related to CaSR in the puffer fish and demonstrated that they were 
expressed in the olfactory region of puffer fish. Sensing of water-borne factors is important 
for fish biology but such sensitivity was probably preceded by ion sensitivity and pheromone 
receptors may have evolved from calcium-ion receptors. Indeed the olfactory system of sea 
bream has been shown to be sensitive to changes in environmental calcium ions (Hubbard et 
al., 2 0 0 0 ) indicating that the olfactory epithelium senses reductions in external calcium 
resulting in an increase in the rate of olfactory nerve firing. The direct transmission of 
information concerning ionic composition of environmental water to the brain and pituitary is 
a very efficient system for fish and possibly developed to reproductive advantage.
However, it is particularly interesting that the most abundant expression of the CaSR 
gene in sea bream was in the leucocytes. These were numerous in the gut lamina propria, in 
the kidney interrenal and in the exocrine pancreatic tissue of the liver. The capillary 
networks of the gills also contained leucocytes with CaSR gene expression. Whether these 
cells represent a sub-population of leucocytes and what their functions are remain to be 
determined but they may be involved in control of calcium homeostasis, acting as sensors and 
messengers between external and internal compartments; and they may be the precursor cells 
which evolved to bone marrow lymphocytes and osteoclasts responsible for calcium 
mobilisation from bone matrix in higher vertebrates. PTHrP has been reported in human bone 
marrow lymphocytes as well as osteoblasts (Walsh et al., 1995), but whether they possess 
CaSR is not known.
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SUMMARY
In this thesis calcium balance and homeostasis in larval and juvenile sea bream was 
studied. Little is known about calcium balance in marine fish, since the models for most 
studies in this field predominantly addressed freshwater or euryhaline species in freshwater.
Moreover, information on calcium handling and regulatory mechanisms in early life 
stages of fish is also scarce. The ability to cope with changes in the environmental ionic 
composition is in many cases related to ontogenetic development and early acquirement of 
osmoregulatory capability provides an advantageous flexibility as observed by Varsamos et 
al. (2001) for the sea bass, Dicentrarchus labrax.
We used hormonal treatments and exposure to environments of varying salinity and 
with different calcium concentrations to study the effects of altered internal and external 
calcium levels on the calcium transporting and regulatory mechanisms in both larvae and 
juveniles of the gilthead sea bream Sparus aurata. The role of a novel hypercalcemic 
hormone (PTHrP) on calcium physiology in fish was studied and the capacity of fish to 
control the calcium regulatory machinery and to sense and adapt to changes in its 
environment were also a relevant part of this work.
The major findings obtained during this study are summarized below:
• Calcium accumulation in young sea bream is a continuous process and is significantly 
correlated to body growth. Whole-body calcium influx decreases with size during early 
development, indicating that calcium is more precisely regulated in older larvae and more 
calcium is retained (chapter 2 ).
• Sea bream larvae transferred to lower salinities showed clearly reduced whole-body 
calcium influxes. These effects were counteracted by the additions of a calcium source to 
the previously diluted seawater, in order to re-establish normocalcemic conditions. This
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indicates that environmental calcium directly influences calcium entry in sea bream larvae 
(chapter 2 )
• The cDNA encoding the sea bream PTHrP was cloned and characterised. This is a 1.8 kb 
gene coding for a 125-amino acid mature protein, with a 35-residue pro-peptide. 
Similarity with the mammalian and avian protein is mainly localised in the N-terminus of 
the protein and 1 2  of the first 2 1  amino acids are identical to human parathyroid hormone. 
Expression of PTHrP transcripts occurs in many tissues, including those most closely 
related to osmoregulation and calcium handling (chapter 3)
• PTHrP1-38 significantly increases whole-body calcium uptake in sea bream larvae. This 
hypercalcemic effect is dose-dependent and also causes a marked reduction in calcium 
efflux, hence resulting, at least transiently, in an increase of the body calcium pool 
(chapter 4).
• Drinking in seawater-adapted animals is significantly reduced by the PTHrP-treatment 
indicating actions on water/volume regulation or over vascular control. The decrease of 
extra-branchial calcium intake by reduction on drinking indicates that PTHrP specifically 
up-regulates branchial calcium uptake (chapter 4).
• Oestradiol treatment evokes a drastic increase in circulating total calcium levels. This 
parallels the rise in plasma vitellogenin. A high intestinal absorption rate was found in 
these fast-growing fish, accounting up to 70% of the total calcium influx in treated fish. 
Oestradiol reduced calcium efflux thus contributing for the retention of calcium in the 
body and consequently for the increase in plasma total and free calcium (chapter 5).
• The marine sea bream meets increased calcium requirements by enhancing uptake from 
the environment and, in contrast to salmonids, the calcified tissues, such as the scales, are 
not affected by oestradiol treatment. This may constitute a fundamental difference in the 
calcium regulation and transport systems during sexual maturation between freshwater 
and seawater fish (chapter 5).
• Elevated circulating levels of PTHrP induced by the oestradiol treatment precede the 
increase in plasma calcium concentrations. Expression of mRNA for PTHrP in gills, 
kidney, intestine and rectum is not altered by oestradiol while PRL and SL gene 
expression in the pituitary is significantly diminished. We hypothesise that PTHrP is a 
true endocrine factor in fish and that it mediates oestradiol-induced calcium uptake. 
However the main site of hormone secretion still needs to be determined (chapter 6 ).
• The sea bream CaSR cDNA was cloned. Both the extracellular and the transmembrane 
domains show considerable sequence homology with the CaSR of other species, but the
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cytosolic tail, with only 94 a.a., is much shorter than the mammalian and avian CaSR. 
This suggests that the range of functions regulated by this protein in fish may differ from 
that in higher vertebrates. CaSR transcripts occur in diverse tissues and not only in those 
directly related to calcium balance, indicating that CaSR may be important in diverse local 
physiological functions, according to the specific tissue in which it is located (chapter 7).
GENERAL DISCUSSION
Calcium handling in larval and juvenile sea bream
Calcium exchange in fish occurs in several organs. As mentioned before, branchial 
transport, intestinal absorption and renal excretion are the fundamental processes by which 
fish, either seawater, freshwater or euryhaline, balance their calcium needs. Calcified tissues, 
a possible reservoir for times of increased need in freshwater or anadromous species, may be 
another compartment in this system.
Branchial uptake
In fish, gills are the most important tissue for calcium uptake, and this is true in 
virtually all the species studied so far, either from freshwater, seawater or in euryhaline 
species (Flik et al., 1995, 1996; Marshall, 2002).
Direct measurement of branchial calcium uptake was not performed on the sea bream. 
Nevertheless, studies on larvae and juvenile sea bream indicate that branchial calcium uptake 
is important in this species. The branchial route accounts for at least 60% of the total calcium 
entry measured in full-strength seawater sea bream larvae (chapter 2). When the salinity and 
calcium concentration in water are decreased to one-fourth of the original, branchial calcium 
uptake drops to 70% of the original value but still accounts for more than 85% of the total 
calcium uptake. Further reduction in water salinity and calcium content to one-tenth of 
original seawater results in a decrease in the branchial influx to 55% of the normal but this 
route still contributes with at least 94% of the overall uptake.
Sea bream larvae, like those of many other species (Wales and Tytler, 1996; Hiroi et 
al., 1998; Van der Heijden et al., 1999b; Varsamos et al., 2001; Kaneko et al., 2002) possess 
numerous mitochondria-rich cells scattered over the body skin and the fin membranes, which 
subsequently become confined to the gills and operculum in juveniles. These cells are the 
main site for calcium uptake (Mayer-Gostan et al., 1983; Marshall et al., 1995; Perry, 1997; 
Marshall and Bryson, 1998) and therefore the external epithelium is probably responsible for
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some of the calcium transport in these early larval stages. Several factors may explain this 
adaptation: development of the gill structure is probably not complete as the numerous 
infoldings that constitute the lamellar surface are still under development (and although being 
primarily a ionoregulatory tissue at these stages (Rombough, 2002), the branchial epithelia 
may not be sufficient for all the ion uptake needed); the surface-to-volume ratio in these little 
animals is rather high, and therefore the integument represents a large interface for ionic 
exchange; the proximity of the skin to the circulatory system probably improves the efficiency 
of the distribution of calcium to sites where it is required, e.g. bone mineralisation. The 
presence of these cells near calcifying structures such as the fast growing fin rays may be an 
adaptation to a poorly developed circulatory system and a localised regulated delivery of 
calcium at sites with high calcium requirement. It seems probable that the epithelial 
mitochondria-rich cells in sea bream larvae are responsible for a component of the calcium 
transport classified as branchial.
In juvenile sea bream, the branchial tissue has many active chloride cells, located in 
the primary filaments between the secondary lamellae (unpublished observations) and the 
adult type gills in these fish are most probably able to absorb enough calcium for its needs. 
The surface area in direct contact with water is vastly increased (accounting to as high as 95% 
of the total fish surface) and gills are highly vascularized making them the ideal organ for 
calcium uptake (Flik et al., 1985a). Our results indicate that a considerable influx of calcium 
enters the juvenile seawater adapted sea bream via the branchial epithelium ( 2 2  nmol.g'1.h'1). 
Nevertheless, this value represents only 35% of the total calcium uptake (calculated from 
increases in whole body calcium content) in these fast growing fish and the remaining part 
gains entry via other routes (chapter 5). However, in juvenile sea bream exposed to lower 
salinities there it was observed (unpublished data) that the contribution of branchial uptake 
becomes increasingly important, underlining the relevance of the environment in modulating 
calcium uptake mechanisms.
Intestinal uptake
Intestinal absorption is another route for calcium uptake in fish. The contribution of 
the intestine to the overall calcium balance is for most fish still unclear (Flik and Verbost, 
1993; Flik et al., 1996). Only a few studies have been performed in freshwater and euryhaline 
fish, such as the flounder, rainbow trout and tilapia (Hickman, 1968; Shehadeh and Gordon, 
1969; Flik et al., 1990; Schoenmakers et al., 1993) and only one stenohaline seawater fish, the 
Atlantic cod (Gadus morhua) has received extensive attention (Sundell, 1992).
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In sea bream juveniles the estimated intestinal absorption rate, can reach as much as 
90% of the total calcium ingested via drinking (chapter 5). This figure was calculated on the 
basis of two waterborne radioactive tracers, 45Ca for calcium accumulation and 51Cr-EDTA 
for water volume. The first allows an estimation of the amount of calcium that is in the gut. 
The latter, which allows calculation of drinking rate (the marker is not absorbed via the 
intestinal wall), gives a precise indication of the amount of water imbibed and in this way the 
total ingested calcium can be calculated. The difference between the two values, the 
predicted, based on drinking, and the measured, based on 45Ca, represents the quantity of 
calcium absorbed across the gut.
The estimated 90% calcium absorption rate translates in an intestinal contribution of 
41.9±8.4 nmol calcium per hour per gram in a total calcium uptake of 64.1±1.8 nmol.g"1.h"1, 
which means a contribution of 60-70% of the total calcium uptake in seawater adapted sea 
bream juveniles. This value is fairly high, and quite different from the situation described for 
freshwater species and seawater adapted euryhaline fish (Flik and Verbost, 1993; Flik et al., 
1996). In the Atlantic cod, 40% of the whole-body calcium uptake occurs across the intestinal 
mucosa (Sundell and Bjornsson, 1988). Based on the data of several studies (Bjornsson and 
Nilsson, 1985; Sundell and Bjornsson, 1988) Sundell (1992) indicated that 70.5% of the 
ingested calcium is absorbed in the intestine of this fish. This value is similar to that found by 
Hickman (1968) for the marine southern flounder (Paralichthys lethostigma). The elevated 
calcium concentrations in the intestinal fluid of seawater fish increase the paracellular passive 
calcium transport to about 40% of the total intestinal transport (Sundell and Bjornsson, 1988), 
which is considerably higher than the values found in freshwater adapted fish (Schoenmakers 
et al., 1993). Nevertheless the passage of calcium across the intestinal lumen in seawater fish 
is still mainly an active process.
Transcellular calcium transport in the intestine is largely a Na+-dependent process 
(Flik et al., 1990; Schoenmakers et al., 1993), and tilapia enterocytes display a much higher 
Na+/K+-ATPase activity than tilapia gill cells (Schoenmakers et al., 1993). Na+/K+-ATPase 
activity in sea bream enterocytes is also considerably higher that that measured in gills (Diaz 
et al., 1998; Almansa et al., 2001; chapter 6 ). This suggests as well that calcium uptake in the 
sea bream intestine might be driven by a Na+/Ca2+-exchanger. Almansa et al. (2001) showed 
segmental heterogeneity in the biochemical properties of the Na+-K+-ATPase along the 
intestine of this fish, indicating that distinct functions, such as absorption of nutrients or 
uptake or excretion of ions, may occur in different sections of the intestinal tract.
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Seawater-adapted sea bream larvae drink at a reasonably high rate and a great amount 
of calcium enters the fish intestine (chapter 2). Roughly half of the 45Ca measured in sea 
bream larvae at a given time is contained within the intestinal tract. However, the proportion 
of this calcium absorbed remains to be determined. Assuming an absorption rate similar to 
that of the juveniles, the intestinal contribution may account for about 40% of the overall 
uptake. When fish were adapted to lower salinity, both water calcium concentration and 
drinking rates decreased. In 25%SW and 10%SW exposed sea bream larvae, the calcium 
imbibed accounts for nearly 2 0 % of the total measured calcium entry and in freshwater it is 
only 5% of that. Intestinal absorption in the preceding situation accounts for a very small 
fraction of the total calcium uptake in these fish (chapter 2). The present data from the sea 
bream reinforce the idea that intestinal calcium absorption is an important component of 
calcium uptake in fish living in seawater, in contrast to the minor role of the intestine in 
freshwater fish.
Calcium excretion and accumulation
The role of calcium excretory mechanisms was not extensively investigated in this 
thesis, and the involvement of such an important organ as the kidney in calcium handling 
remains to be determined in the sea bream. Whole body calcium effluxes were measured and 
the values obtained were considerable: 70% of the calcium influx in juveniles and up to 85% 
in larvae (although effluxes in larvae may be overestimated). Such numbers suggest 
considerable calcium turnover in this species.
The whole body calcium uptake calculated for the sea bream juveniles, approximately 
64 nmol.g'1.h' 1 is in the same the range as those calculated for other marine or seawater 
adapted species (48 to 62 nmol.g'1.h'1; Pang et al.,1980; Mayer-Gostan et al., 1983; Vonck et 
al., 1998), and results in a net gain of 30%. This value is lower than that found for juvenile 
tilapia reared in freshwater, where 72% of the calcium taken up was incorporated into the 
body (Flik 1985a). Net fluxes are also larger for tilapia larvae (Chou et al., 2002) than for sea 
bream larvae, a consequence of higher calcium requirements associated with the faster rates 
of growth and development of warm water tilapia compared to the temperate water sea bream. 
Calcium accumulation in the sea bream is closely correlated to fish size. In agreement with 
higher growth and metabolic rates in younger, smaller fish (Flik et al., 1986a; Perrot et al., 
1992; Fuentes and Eddy, 1997), sea bream larvae show higher calcium influx, calcium efflux 
and drinking rates than juveniles. Intestinal calcium absorption may provide a significant 
portion of the body’s total calcium pool. Nonetheless, when challenged with reduced calcium
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concentrations in the environment, these fish maintain elevated extra-intestinal calcium 
uptake, presumably to fulfil their calcium metabolic needs.
In the sea bream, calcified structures such as the scales, do not appear to constitute a 
calcium reservoir during periods of high calcium demand. Instead, the abundant calcium in 
seawater is sufficient for growth and its almost infinite quantity provides a readily available 
source in cases of extreme need.
Hormonal control o f calcium balance in the sea bream
Humoral regulation of calcium homeostasis in fish is far from resolved, albeit that 
teleosts possess most of the major hormones involved in calcium metabolism in higher 
vertebrates. Yet these hormones may have more original not necessarily calciotropic actions 
in fish. Furthermore, the presence of PTH has never been demonstrated in fish, although 
several studies have shown the presence, mainly in the pituitary, of a hypercalcemic, PTH- 
like immunoreactivity (Fraser et al., 1991; Kaneko and Pang, 1987). Moreover, 
administration of mammalian PTH to fish has not provided evidence for a possible 
physiological role and any effect of mammalian PTH in fish so far points to a hypocalcemic 
effect (Wendelaar Bonga et al., 1986; Lafeber et al., 1988b). The apparent redundancy of 
hypercalcemic factors in fish which inhabit a calcium-rich environment has lead to the 
generalised assumption that calcium regulation in fish is primarily under the control of the 
hypocalcemic or better anti hypercalcemic factor stanniocalcin.
The involvement of the endocrine system in the response of the sea bream to altered 
salinity has been the subject of several previous studies. In particular the effects of salinity on 
PRL or GH producing cells in Sparus aurata (Mancera et al, 1993, 1995) or the influence of 
these hormones and cortisol during hypoosmotic adaptation in this species (Mancera et al.,
1994) and in Sparus sarba (Deane et al., 1999; Kelly et al., 1999; Deane et al., 2000) have 
been investigated. Although transfer to reduced salinity is reported to induce PRL and GH 
secretion, no effects were observed in restoring plasma calcium levels (Mancera et al., 1993,
1995). Injection of GH, PRL and cortisol also failed to alter circulating calcium in fish 
adapted to seawater or transferred to brackish water (Kelly et al., 1999; Mancera et al., 1994). 
The role of GH and PRL on calcium regulation in sea bream larvae remains to be determined, 
however endocrine cells are observed in the pituitary gland soon after hatching (Power and 
Canario, 1992). There are no reports about the effects of calcitonin or demonstrating its 
presence in the sea bream. Administration of this hormone to other species has resulted in 
contradictory effects, evoking either hypocalcemic or hypercalcemic responses. Despite the 
well-established anti-hypercalcemic effects of salmon calcitonin in humans its function in fish
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is unclear. However, the calcitonin gene was just recently cloned in the puffer fish, Fugu 
rubripes and its distribution in tissues such as the neurones of the central and autonomic 
nervous system and in the pituitary suggests that calcitonin may act as a neuropeptide or in 
autocrine/paracrine fashion (Clark et al., 2002).
Studies on stanniocalcin in marine fish are scarce. It was demonstrated that this 
hormone inhibits in vitro intestinal calcium-uptake in atlantic cod (Sundell and Bjornsson, 
1992), and that it stimulates phosphate reabsorption by flounder renal proximal tubule in 
primary culture (Lu et al., 1994). Wagner et al. (1998a, 1998b) have shown that the 
sensitivity of STC-producing cells to ionic calcium is identical in seawater and freshwater 
Atlantic and coho salmon in terms of its ability to stimulate STC secretion and gene 
expression. In European eel, STC secretion and metabolic clearance rates were 70-75% higher 
in seawater than in freshwater (Hanssen et al., 1993). These contrasting results with different 
species suggest different mechanisms of adaptation dependent on the life strategy of the 
species.
Branchial calcium uptake in juvenile sea bream was significantly reduced by trout 
STC injection (Guerreiro et al., 1999) indicating that the protein is active in this species. 
Passive immunisation of sea bream with antiserum against trout STC resulted in an increase 
in calcium influx (unpublished), as previously described by Fenwick et al. (1995) for 
freshwater fish. The same treatment also evoked an increment in drinking in sea bream, in 
common with that reported for the stanniectomised eel (Van der Heijden et al., 1999a). These 
observations suggest that STC may also be involved in water balance.
The STC gene has not been isolated in the sea bream but one may predict it to be 
similar to those already identified, as amino acid sequence similarity is rather high across fish 
species, signifying an important and conserved function.
Vitamin D3 metabolites have been reported to have actions on calcium metabolism in 
fish. 1,25(OH)D3 but not 1,25(OH)2D3, was shown to induce calcium absorption across the 
intestinal mucosa in cod by 65% (Sundell and Bjornsson, 1990). Other studies revealed 
changes in plasma calcium after injections of both these seco-steroids (Fenwick et al., 1994; 
Srivastav et al, 1998). However, Larsson et al. (2002) studying cod enterocytes in vitro found 
that 24R,25(OH)(2)D3 decreases intestinal calcium uptake via inactivation of apical calcium 
channels, whereas the physiological role of 25(OH)D3 is to increase calcium transport via 
activation of Na+/Ca2+ exchangers, concurrent with activation of the calcium channels. 
However, the physiological significance of this steroid in fish calcium metabolism in unclear
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in the light of its conflicting actions (reviewed by Rao and Raghuramulu, 1999). To date there 
are no reports on the action of vitamin D3 metabolites on sea bream calcium homeostasis.
Elevated plasma oestradiol levels have a marked effect on calcium balance in the sea 
bream (chapters 5 and 6 ), in keeping with similar reports in other marine and freshwater fish 
(Mugiya and Watabe, 1977; Mugiya and Takayama 1992: Persson et al., 1994). Our results 
show that the increase in plasma calcium occurs soon after treatment, and total calcium 
circulating levels can reach as much as 30 mmol.l-1 15 days after implantation, i.e. a 10-fold 
rise from the control situation. Although most calcium is bound to the protein vitellogenin, 
there is also a significant increase in ionic calcium, the physiologically relevant fraction. 
Interestingly, although fish regulate their calcium levels within narrow limits, they are able to 
withstand changes that would be lethal to other animals. E2 acts as a powerful calciotropic 
factor although its effect is strongly associated with sexual maturation and it is unlikely that 
this steroid is implicated in normal calcium homeostasis in fish. The E2-triggered elevation of 
circulating calcium in sea bream is achieved by an increase in calcium uptake from the water 
and an increase in intestinal calcium absorption, and possibly by a reduction in calcium 
efflux. E2 had no effect on calcified structures such as the scales in sea bream, unlike 
salmonids, in which internal calcium stores are mobilised (Persson et al., 1994, 1997; Kacem 
et al, 2000; Suzuki et al., 2000).
The action of E2 on calcium transporting tissues is probably mediated by other 
hypercalcemic factor, since the gills lack estrogen receptors (Persson et al., 2000; Socorro et 
al., 2000). A likely candidate for this function is PTHrP, since we have shown that an E2- 
induced rise in its circulating levels precedes the rise in plasma calcium (chapter 6 ). PTHrP is 
hypercalcemic in higher vertebrates and its synthesis is stimulated by estradiol in several 
tissues (Thiede et al., 1991; Funk and Wei, 1998), although it remains to be shown if it has a 
similar regulation and function in fish.
The gene encoding PTHrP in the sea bream (chapter 3) is comparable to that of Fugu 
rubripes (Power et al., 2000). The amino acid sequence of sea bream PTHrP shows regions of 
sequence homology with mammalian PTHrPs, suggesting conservations of essential functions 
during the evolution of vertebrates. The N-terminal sequence is crucial for interaction with the 
common PTH/PTHrP receptor in bone and kidney of tetrapod vertebrates (Juppner et al., 
1991), which evokes the hypercalcemic effects. There is also high homology between the 
nuclear transporter regions of tetrapod and those of piscine PTHrP molecules, which suggests 
other ancient and vital functions to be revealed.
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The N-terminus of Fugu rubripes PTHrP evoked a dose-dependent increase in whole 
body calcium uptake in sea bream larvae (chapter 4). Concurrently, down-regulating effects 
were also observed in overall calcium efflux, resulting in an increased net calcium uptake to 
levels as high as 7-fold those seen in untreated fish. Similar effects were observed in tilapia 
larvae (unpublished), thus showing that the response is not exclusive for the sea bream and 
indicating that the action of PTHrP might be wide spread among fish species.
The specific way by which PTHrP acts to exert its hypercalcemic action is under 
investigation. The chloride cells in sea bream hybridise with a nucleic acid probe for the 
PTHrP-receptor (PTHrP-R; Power et al., 1999) and preliminary experiments have shown a 
PTHrP-induced calcium release from isolated branchial cells (unpublished). Radioiodinated 
PTHrP binds to membrane extracts from sea bream enterocytes (unpublished), suggesting 
another site of action. Klein et al. (2001) found that injection of the mid-region of PTHrP 
stimulates active duodenal calcium absorption in piglets, and it is possible that a similar effect 
may occur in fish. Using in-vitro experiments Klein et al. (2001) were able to demonstrate 
that the peptide can cross the intestinal mucosa in both directions, thus suggesting that 
waterborne peptide drunk can enter the body via the intestinal lumen, as occurred in the sea 
bream (Guerreiro et al., 2001).
Recent observations indicate that PTHrP may modulate renal blood flow and 
glomerular filtration rate in the mammalian kidney (Esbrit et al. 2001), and a PTHrP infusion 
was shown to increase renal tubular calcium reabsorption (Syed et al., 2001), and it is 
tempting to speculate that a similar effect may cause the reduction in calcium efflux observed 
in sea bream larvae.
Interactions between PTHrP and arginine-vasopressin have been reported in intact 
rats, resulting in antidiuretic and pressor effects (Yamamoto et al., 1998), and mutual 
regulation of the two proteins occurs in dissociated neurons (Yamamoto et al., 2002). PTHrP 
acts on vascular smooth muscle as a vasorelaxant whereas AVP is a vasoconstrictor. It is 
possible that similar effects on water/ion regulating factors (i.e., the renin-angiotensin system) 
or on the cardiovascular system may be present in fish.
Synthesis and secretion of PTHrP is widespread in fish tissues. In elasmobranches, 
immunoreactivity with antiserum for the N-terminal was found in many tissues, particularly 
those involved in ion and water regulation, but also in the central nervous system, skin and 
cartilaginous tissue, muscle, liver, pancreas and spleen (Trivett et al., 2002). In the sea bream 
the pattern of distribution is similar, and this probably relates to a paracrine/autocrine action 
of the hormone rather than to a conventional endocrine action. Information about the
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distribution of the PTHrP receptor(s) would help clarifying this question, by determining the 
identity and properties of the target tissues and the relative distance to the production sites.
In addition to its paracrine actions, our results indicate that PTHrP circulating levels 
are high and change in response to different stimuli, suggesting that in fish it also behaves as a 
classical hormone. Therefore, the search for the central/principal PTHrP producing gland in 
fish continues.
Little is known about the regulation of calciotropic hormones in fish. Stanniocalcin 
secretion is directly modulated by circulating calcium (Hanssen et al., 1993; Wagner et al., 
1998b) but external calcium concentration has also been suggested to affect production and 
release (Wendelaar Bonga and Pang, 1991). Cholinergic control of stanniocalcin release was 
demonstrated in several species (Cano et al., 1994; Fenwick et al., 1995). Recently, Radman 
and co-workers (2 0 0 2 ) have shown that stanniocalcin secretion is mediated by a calcium- 
sensing receptor in the rainbow trout.
Whether PTHrP secretion in the sea bream is directly modulated by calcium 
concentration or by other endocrine or neuronal factors remains to be determined. The co­
expression of the CaSR and PTHrP in several tissues in fish (see also Ingleton et al., 2002), 
suggests that the regulatory system may rely on the mediation of the CaSR, in a similar 
fashion to that described for stanniocalcin. The identification, in mammalian kidney, of both 
the CaSR and the PTHrP-R in the same cells (Yang et al., 1997) raises the possibility that 
they may interact to regulate calcium. The mechanism by which this occurs has yet to be 
identified but may be by directly regulating PTHrP-R activity or simply by changing cell 
receptor number.
Known CaSR amino acid sequences show highly conserved features due to their 
function specificity. However, the intracellular domain of the piscine molecule is considerably 
smaller than that of higher vertebrates, suggesting that the range of its functions and 
intracellular transmission mechanisms may be more limited.Expression of the CaSR is widely 
distributed in the sea bream, occurring in many tissues, not all directly or apparently related to 
calcium transport. Expression of the gene occurs in the olfactory nerves and olfactory tissue, 
probably responding to changes in environmental calcium (see Hubbard et al., 2000). 
Muscular and neuronal tissues, where calcium plays a vital role, also express the receptor. 
CaSR may be an integrator of diverse physiological signals according to the particular 
microenvironment in which it resides.
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Perspectives
Calcium balance in the sea bream depends on the contribution of branchial and 
intestinal transporting mechanisms. The relative importance of these is similar but it may 
change during ontogeny or depend on the calcium concentration of the external media. Whilst 
the gill epithelium is the main site for calcium uptake in freshwater fish, the marine sea bream 
seems to rely to an important extent on intestinal calcium absorption.
The recent identification of PTHrP together with the failure to identify PTH in fish 
raises intriguing questions about the evolution of calcium regulating systems. The lack of 
PTH and the fact that fish generally inhabit water that contains a readily available pool of 
calcium has led to the generally accepted view that calcium regulation in fish is primarily 
under the control of hormones that down-regulate calcium inflow, such as stanniocalcin. Our 
finding that PTHrP has a stimulatory action on calcium uptake, reducing simultaneously 
calcium efflux, is suggestive that it acts as a hypercalcemic factor in fishes.
We envisage that calcium homeostasis in fish is achieved by an interplay of 
stanniocalcin and PTHrP, with hormones, such as prolactin, estradiol and cortisol, modulating 
this activity during specific life history events (salmon entering freshwater, sexual maturation, 
etc.). It remains to be determined if in fish, in common with tetrapods, PTHrP can also evoke 
the mobilisation of internal calcium stores, or if  it instead stimulates calcium uptake primarily 
from the environment. In sea bream larvae, despite the fact that PTHrP caused a reduction in 
drinking, calcium uptake increased, indicating that the site of action is mainly extra-intestinal. 
We hypothesize that in teleost fish PTHrP acts on specific receptors at the level of the gill 
chloride cells and to some extent in the intestinal epithelium to enhance the uptake of calcium, 
probably via the Ca2+-ATPase and/or Na+/Ca2+ exchanger. Increased tubular renal calcium 
reabsorption will assist in the retention of calcium within the fish.
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Samenvatting
In gewervelde dieren is het handhaven van het calciumgehalte in het bloedplasma binnen 
nauwe grenzen van bepalend belang voor vele fysiologische processen, van skeletvorming tot 
beïnvloeding van membraanpermeabiliteit en zenuwcelprikkelbaarheid. Geringe veranderingen in de 
calciumconcentratie in het bloedplasma kunnen vaak belangrijke effecten sorteren op het functioneren 
van het zenuwstelsel, het hart- en vaatstelsel en spierweefsels, een reden waarom een constante 
aanvoer van calcium voor het lichaam gegarandeerd moet worden. In op het land levende gewervelde 
dieren is het voedsel de enige bron van calcium; vissen nemen daarnaast ook rechtstreeks uit het water 
calcium op. Ze maken daarvoor gebruik van transportmechanismen voor calciumionen (Ca2+) in 
kieuwen en darmen (vissen drinken calciumhoudend water). De verschillende organen en 
transportmechanismen die ten grondslag liggen aan calciumhomeostase zijn op elkaar afgestemd en 
staan onder specifieke hormonale controle. In op het land levende gewervelde dieren spelen 
calcitonine (een bloedcalcium verlagend hormoon) en bijschildklierhormoon en vitamine D3 
(bloedcalcium verhogende hormonen) een centrale rol. In vissen is stanniocalcine (STC) het 
belangrijkste bloedcalcium verlagende hormoon. Het wordt geproduceerd in discrete kliertjes in of bij 
de nieren, de zogenaamde lichaampjes van Stannius. Vissen missen een bij schildklier en 
dientengevolge ook bijschildklierhormoon. Van een aantal andere hormonen zoals cortisol, prolactine, 
oestradiol, vitamine D (en haar derivaten) is bekend dat ze effecten kunnen sorteren op de 
calciumhuishouding in de vis (vaak afhankelijk van de soort vis) maar de effecten komen vaak pas na 
langere duur tot uiting (dagen of weken), waardoor een betrokkenheid bij snelle en directe regulatie 
van de calciumhuishouding twijfelachtig is.
In de in dit proefschrift beschreven onderzoeken werden eerst de effecten van verschillen in 
zout en calcium gehalte van het de vis omringende water bestudeerd op de opnamemechanismen met 
speciale aandacht voor de larvale stadia van de zeebrasem (Sparus aurata; hoofdstuk 2). De 
verworven gegevens laten zien dat heel jonge dieren al in staat zijn de mechanismen voor 
calciumopname te moduleren en dat dit proces in zekere mate afhangt van de calciumconcentratie van 
het water waar de vis in zwemt. De bijdrage van opname van calcium via de darm is verwaarloosbaar 
in zoet en brak water omdat de kieuwen in dergelijke media voldoende calciumtransport verzorgen om 
homeostase te garanderen. In calciumrijk water met een hoog zoutgehalte (zeewater) drinken vissen en 
kan de bijdrage van calcium opname via de darm (aan de totale opname) belangrijk worden. De 
gegevens laten verder zien dat de totale opname van calcium door de vis direct gekoppeld is aan het 
lichaamsgewicht van het dier en afneemt met de grootte van de vis en zijn leeftijd.
Nadat het cDNA van de zeebrasem voor bijschildklierhormoon verwant eiwit (PTHrP, een 
oorspronkelijk genproduct dat ouder is dan bijschildklierhormoon in hogere gewervelde dieren en dat 
in vissen niet wordt gevonden) was gekloneerd en uitvoerig gekarakteriseerd (hoofdstuk 3) konden 
(voor het eerst) functionele studies worden gedaan naar de aard van dit eiwithormoon in vissen
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(hoofdstuk 4). In zeebrasem komt het PTHrP-gen tot expressie in vele organen. Het gen codeert voor 
een eiwit dat bestaat uit 125 aminozuren. Opmerkelijk is dat de N-terminale sequentie van het PTHrP 
van vissen erg op die van het PTHrP van zoogdieren en vogels lijkt en ook grote homologie vertoont 
met de N-terminus van bijschildklierhormoon van hogere gewervelde dieren (hoofdstuk 3). In de mens 
is PTHrP vooral bekend uit een ziektebeeld dat Humoral Hypercalcemia of Malignancy (door 
tumoren veroorzaakte verhoging van het calciumgehalte in het bloedplasma) wordt genoemd, maar het 
is ook als hormoon in de “normale fysiologie” betrokken bij de regulatie van calciumtransport in de 
placenta. Voor het eerst wordt in dit proefschrift in een vis aan een homoloog PTHrP een 
bloedcalcium verhogende (hypercalcemische) functie toegeschreven; deze functie lijkt uniek en 
oorspronkelijk (hoofdstuk 4). Wanneer larven van de zeebrasem worden blootgesteld aan PTHrP in 
het water (en dit drinken) neemt de calcium opname vanuit het water (zeewater zowel als brak water) 
via de kieuwen toe. Tevens vermindert PTHrP het passieve verlies van calcium via huid en kieuwen. 
Dientengevolge heeft PTHrP een netto sterk positief effect op de calcium balans van het dier. 
Opmerkelijk is dat drinkgedrag door PTHrP wordt geremd, de opname van calcium via de darm 
dientengevolge minder moet zijn en de kieuwen dus een belangrijker plaats innemen in de opname van 
calcium uit het water; een door PTHrP gestuurde toename in de mechanismen voor actief calcium 
transport in de kieuwen lijkt waarschijnlijk.
In beenvissen heeft oestradiol effecten op de calciumhuishouding van het dier: het verhoogt 
het bloedplasma calciumgehalte. Experimenten met zalmachtigen laten zien dat deze stijging in het 
bloedplasma calciumgehalte in deze groep vissen vooral een gevolg is van het vrijmaken van calcium 
uit schubben en botten. Het vrijgemaakte calcium is nodig voor stabiliseren van vitellogenine, een 
door de lever geproduceerd eiwit dat cruciaal is voor de ontwikkeling van de eieren. Uit ons werk 
blijkt dat wanneer oestradiol via implantaten voor langere duur en zonder stress wordt toegediend dit 
het calciumgehalte (het totale zowel als het ionogene) sterk verhoogt; die verhoging is in de 
zeebrasem evenwel een resultante van een verhoogde opname van calcium uit het water; de interne 
voorraden in schubben en botten worden niet aangesproken (hoofdstuk 5). Omdat geen receptoren 
voor oestradiol konden worden aangetoond in de kieuwen (waar het calcium transport plaatsvindt), 
lijkt het waarschijnlijk dat oestradiol niet direct maar indirect de calcium opname stuurt. PTHrP lijkt 
een geschikte kandidaat omdat oestradiolimplantatie de plasma spiegels van PTHrP (bepaald met een 
homologe radioimmunoassay) sterk verhoogt terwijl die verhoging net voorafgaat aan de verhoging 
van de bloedplasma calciumconcentratie (hoofdstuk 6). De hoge concentratie PTHrP in 
zeebrasembloed geeft aan dat her hier om een hormoon gaat in de klassieke zin van het woord. PTHrP 
heeft in hogere gewervelde dieren vooral paracriene en autocriene effecten (sturing van nabijgelegen 
cellen of van de cellen zelf die het eiwit produceren en afgeven). De zoektocht naar de bron van het 
PTHrP in het bloedplasma van vissen dient gestart.
De bijschildklierhormooncellen (in hogere gewervelde dieren) brengen op hun oppervlak een 
receptor tot expressie die gevoelig is voor geringe veranderingen in het calciumgehalte van het
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bloedplasma, de “calcium-sensing receptor” (CaSR). Deze receptor vervult een primaire rol in de 
regulatie van de productie en afgifte van het hormoon dat deze klieren afgeven. Het is het eerst 
bekende voorbeeld van een receptor die op het oppervlak van en cel tot expressie wordt gebracht die 
in staat is te reageren op (calcium-)ionen die in dit geval als eerste boodschapper fungeren. Men kan 
zich voorstellen dat een dergelijk type receptor in vissen mogelijk een belangrijker/oorspronkelijker 
rol kan spelen in de homeostase van het dier, omdat het niet alleen de extracellulaire vloeistof kan 
aftasten maar mogelijk ook het de vis omringende water (indien aanwezig op bijvoorbeeld de cellen 
van darm en kieuwen die calcium opnemen) en informatie kan vertrekken over de calcium 
concentraties in die media. Het cDNA dat codeert voor de CaSR in de zeebrasem werd gekloneerd. 
Het codeert voor een eiwit van 940 aminozuren dat drie belangrijke domeinen kent: een grote 
extracellulaire N-terminale sequentie, een gebied dat in totaal zeven maal de plasmamembraan 
passeert en een korte staart die in het cytoplasma steekt. De aminozuursequentie heeft een aanzienlijke 
homologie met vergelijkbare eiwitten van zoogdieren en vogels; belangrijke domeinen en 
aminozuurresiduen zijn geconserveerd in de evolutie der gewervelde dieren. De receptor blijkt na 
moleculair biologische analyses (gevoelige in-situ hybridisatie en RT-PCR-technieken) voor te komen 
in weefsels die betrokken zijn bij de regulatie van de ionenhuishouding van het dier. De identificatie 
van deze receptor in vissen fourneert een uitgangspunt voor het bestuderen van de regulatie van 
hormonen die betrokken zijn bij de regulatie van de calciumhuishouding, niet op de laatste plaats van 
STC en PTHrP.
Het onderzoek in dit proefschrift beschreven beschrijft voor het eerst PTHrP als een 
bloedcalcium verhogend hormoon in een vis. Het is een hormoon met snelle effecten op calcium 
transporterende mechanismen. Toekomstig onderzoek zal zich richten op vragen als hoe dit hormoon 
samenspeelt met andere calcium-regulerende hormonen, wat de belangrijkste doelwitorganen zijn en 
wat de werkingsmechanismen op celniveau zijn. Vissen bieden belangrijke en vanuit fylogenetisch 
perspectief oorspronkelijke modellen in dergelijk onderzoek.
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Sumário
A manutençao dos níveis de càlcio entre limites bem definidos é crucial para muitos processos 
fisiológicos, desde a formaçao do esqueleto à modulaçao da permeabilidade e excitabilidade das 
membranas celulares. Pequenas alteraçôes nos níveis circulantes de càlcio podem ter efeitos marcados 
na funçao nervosa, cardiovascular ou muscular, pelo que um fluxo constante de càlcio deve ser 
garantido. Para além do càlcio obtido através da dieta (a única fonte deste mineral disponível para os 
vertebrados superiores) os peixes sao capazes de extrair o càlcio do meio, através de mecanismos de 
transporte localizados nos epitélios das brânquias e do intestino. A interacçao entre os vàrios 
mecanismos e orgaos responsàveis pela homeostasia do càlcio està sob o controlo de factores 
endócrinos. Nos tetràpodes, o metabolismo do càlcio é regulado principalmente pela acçao da 
calcitonina (hipocalcémica) e da hormona da paratiróide (PTH) e da vitamina D3 (hipercalcémicas). 
Nos peixes o conjunto de hormonas envolvidas no controlo da homeostasia do càlcio é mais variado e 
as suas funçôes ainda nao estao completamente definidas. O principal factor hipocalcémico é a 
staniocalcina (STC), produzida nos corpúsculos de Stannius (exclusivos dos peixes). Por outro lado os 
peixes nao possuem a glándula paratiróide e nao existe qualquer descriçao da presença de PTH. Outros 
factores, tais como o cortisol, a prolactina, o estradiol, e a vitamina D3 têm sido sugeridos como tendo 
um papel no metabolismo do càlcio nos peixes, mas o resultado da sua acçao pode demorar dias ou até 
semanas a manifestar-se, comprometendo uma possível acçao directa no transporte de càlcio.
Neste trabalho começamos por caracterizar o efeito do ambiente nos mecanismos de obtençao 
e manipulaçao em larvas de dourada (Sparus aurata), expostas a diferentes salinidades e a meios de 
concentraçao de càlcio variàvel (capítulo 2). Os resultados sugerem que as larvas de dourada sao 
capazes de regular seus os mecanismos de forma a modular o transporte de càlcio, mas que este 
processo depende em certa medida da concentraçao de càlcio no meio. A contribuiçao do intestino é 
praticamente insignificante em àgua doce ou em àgua salgada diluída, e neste caso sao os sistemas 
extra-intestinais que mantêm o fluxo adequado em ambientes hipocalcémicos. No, entanto em 
ambientes ricos em càlcio e de elevada salinidade, a contribuiçao intestinal, devido a elevadas taxas de 
ingestao de àgua, pode ser relevante. Verificàmos ainda que o conteúdo corporal de càlcio està 
directamente correlacionado com o peso do peixe e também que a taxa de obtençao de càlcio diminui 
com o tamanho e a idade.
A clonagem e caracterizaçao do DNA complementar (cDNA) para o gene da hormona 
relacionada com a hormona da paratiróide (PTHrP) na dourada (capítulo 3) permitiu a prossecuçao de 
estudos funcionais com o objectivo de determinar a acçao desta hormona em peixes (capítulo 4). Na 
dourada o gene é expresso em muitos tecidos do organismo e codifica uma proteina de 125 amino 
àcidos (a.a.), cuja regiao aminada se assemelha à existente na PTHrP de mamíferos e aves e tem 
homologia com a PTH (capítulo 3). A PTHrP està sobretudo associada a uma patologia humana 
denominada Hipercalcémia Humoral Maligna mas tem funçôes importantes nos processos fisiológicos
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normais, nomeadamente ao nível do transporte de càlcio na placenta. A primeira descriçao da 
actividade biológica da PTHrP em peixes sugere que esta poderà ser um factor hipercalcémico de 
características únicas nos vertebrados inferiores (capítulo 4). A exposiçao à PTHrP estimulou um 
aumento na taxa de influxo de càlcio em larvas de dourada em àgua salgada e em àgua salgada diluída. 
Paralelamente observou-se uma reduçao no efluxo de càlcio, resultando num aumento, pelo menos de 
forma transiente, do conteúdo corporal de càlcio. A PTHrP provocou ainda uma reduçao na ingestao 
de àgua em larvas adaptadas a àgua salgada, fazendo com que a maior contribuiçao para a obtençao de 
càlcio mudasse de intestinal para extra-intestinal, provavelmente pela induçao de transporte activo ao 
nível das brânquias.
Em peixes teleósteos o estradiol tem efeitos calciotrópicos, aumentando os níveis de càlcio em 
circulaçao no sangue. Estudos em salmonídeos revelaram que grande parte deste aumento se deve à 
mobilizaçao de càlcio de estruturas como o osso e as escamas. O càlcio assim disponibilizado seria 
utilizado para a estabilizaçao da vitelogenina, uma proteína sintetizada pelo fìgado e essencial para a 
produçao de ovos. Os nossos estudos com implantes de estradiol revelaram que, na dourada, os níveis 
circulantes de càlcio, quer na sua forma iónica quer ligado a proteína, sao grandemente aumentados 
pelo tratamento, mas observou-se também que este acréscimo se deve a um aumento na taxa de 
transporte de càlcio do meio exterior para dentro do peixe e que as estruturas calcificadas, 
nomeadamente as escamas, sao protegidas (capítulo 5). Por outro lado, a ausência de receptores de 
estradiol nas brânquias, o principal tecido quanto ao transporte de càlcio em peixes, indicia que a 
acçao calciotrópica deste esteróide nao é directa mas provavelmente mediada por outro(s) factor(es). A 
PTHrP surge como um provàvel candidato, pois implantes de estradiol promovem um aumento 
significativo da concentraçao desta hormona no sangue de dourada, aumento este que tem lugar 
imediatamente antes do início do incremento nos níveis de càlcio (capítulo 6). Por outro lado, os 
elevados níveis de PTHrP em circulaçao indiciam uma acçao endócrina em peixes e nao apenas 
paràcrina ou autocrina como nos mamíferos, e preconizam a existência de uma verdadeira glándula 
secretora.
As células da glándula paratiróide de mamíferos possuem um receptor sensível a variaçôes do 
càlcio extracelular, conhecido como receptor-sensor de càlcio (CaSR). Este receptor funciona como 
um regulador primàrio e é o primeiro exemplo de receptor de superficie celular que detecta iôes 
inorgánicos e nao moléculas como seu maior ligante. Em peixes, a relevância do CaSR poderà ser 
acrescida, pois para além da percepçao do càlcio extracelular, poderà muito provavelmente permitir a 
detecçao dos níveis de càlcio do meio ambiente. O cDNA codante para o CaSR foi clonado e a sua 
estrutura primària caracterizada na dourada (capítulo 7). O gene codifica uma proteína madura de 940
a.a. com 3 domínios principais: uma longa regiao extracelular, que perfaz cerca de metade da sua 
longitude, um domínio com 7 regiôes trans-membranares e uma pequena regiao intracelular 
responsàvel pela transmissao do sinal para o meio intracelular. A sequência de amino àcidos do CaSR 
de dourada partilha razoàvel homologia com a respectiva proteína de mamíferos e aves e as regiôes e
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resíduos importantes estao conservados. A distribuiçao do receptor em dourada, avaliada através de 
hibridaçao in situ e RT-PCR, ocorre sobretudo nos tecidos associados com o transporte e regulaçao de 
iôes. A identificaçao deste receptor em peixes permitirà o estudo da regulaçao da expressao e secreçao 
das vàrias hormonas calciotrópicas, em particular da STC e da PTHrP.
Este estudo revela pela primeira vez a existência de um factor hipercalcémico em peixes, a 
PTHrP, que actua a curto prazo e é capaz de rapidamente modular os mecanismos de transporte de 
càlcio. A forma como esta hormona se interrelaciona com os outros factores calciotrópicos, os seus 
orgaos alvo, a regulaçao da sua síntese e o seu modo de acçao a nível celular serao seguramente 
pontos de investigaçao futura.
154
Acknowledgements
Getting to a stage of finishing a manuscript that resumes several years of work makes me 
realise I can never thank personally to all the people that contributed to the final outcome, directly or 
indirectly, knowingly or even unknowingly, with their work, ideas or support. To those not mentioned 
below, thanks a lot!
Scientific research is a teamwork. The data described are the result of the effort of several 
persons, all my co-authors, who taught me a lot and shared their thoughts and findings to make 
creative, interesting and broad science. Thanks Adelino, Barry, Debi, Gert, Janine, Juan, Julia, Lillias, 
Melody, Pat and Pep.
Then, the input and trust of my “promotoren”:
Deborah Power, my direct supervisor in Faro, who trusted me from the first moment and 
always encouraged me to proceed and to go on, with her own special spirit, that makes us realise we 
have to fight for our objectives. Your guidance, firstly on the molecular biology and later on the other 
methods, comments on the manuscripts and ideas really contributed to make this thesis better. Thank 
you very much Debi.
Gert Flik, who welcomed me to the lab in Nijmegen to teach me about calcium and fish and 
how to perform my first calcium flux experiments. Thanks for your direction in the scientific aspects, 
for taking care of the administrative and other details of this thesis (I trust you with the 
samenvatting...), for your help with housing and transport and not least, for the insight into the Dutch 
culture and atmosphere, which I really enjoyed. Bedankt Gert.
Juan Fuentes.que te puedo decir hombre????... A good friend, companion of many 
experiments... of long hours weighting tiny fish larvae and designing new gadgets... travelling up and 
down the country to get more fish and the many hours of conversation while stuck in the (your) car! ! ! 
Thanks for your willingness to discuss even the dumbest “new” ideas and for your “informal” 
guidance throughout all this time!!!
Adelino Canario, head of our group in Faro. Thanks for all the discussions during the writing 
of the manuscripts and for all the input in the experiments. For taking care of all the dull bureaucratic 
details needed to run our research. It’s your persistence despite the “holes in the system” that keep our 
science alive.
The guys in the lab I: D. Teguesa de Ayamonte e Villa Reais e suas coguespondências gueais 
pela Pátguia... (Está quase Teresa!!!) e Johnny B. Kondeka (Boa sorte Joao!!!). Elsa, Paulo, Cecilia, 
Faustino, Silvia, Ana, DJ Kardosa, Rute, Mário, Cavaco, Lia, Marco, ... e os todos os colegas mais 
recentes (olá pessoal, vocês sao muitos...), que mantêm elevadissimo o nivel de entropia: Onde estao 
as placas de Petri? Já chegaram os tubos? Já nao há pontas amarelas ... Keep on the good work,
155
guys! !!... Pep, where should I put you??! ! We met in Nijmegen and later you came to Faro and filled 
us with stress and cortisol. Merci per els Jaumets. Sao do carassaszz, pá!!!
Joao Reis, “the Handyman” (ouve lá caramelo, há por aí um bocado de...pra se fazer uma 
cena...??), Pedro Lino, “Mr. Computer” (tenho uma.. .heee... váriasperguntaspara ti...!!). Thanks for 
the many times you have helped me!
The guys in the lab II: Sjoerd Wendelaar Bonga, thanks for giving me the opportunity to visit 
and work in your lab and for your advices and help (I am sorry I  fell asleep and missed the fossils). I 
did enjoy the lab-meeting op Donderdag morgen and the Dagje uit. And all the people there that 
helped me to feel at home during work and coffee breaks: Rob L ock . the Great Roberrrrto!!!, 
Angelique, Christophe, Declan, Dang, Else, Erwin, Jelle, Juriaan, Li, Maia, Marcel, Neil, Paul, Peter 
Peppels, Peter Cruijsen, Roel, Suzanne, Wim, Xander,... Tom Spanings, bedankt for taking such a 
good care of my vissen, and for the travelling to get them (Dunquerqe is still a bit away!). Oops, and 
the guys of the Physics Department: football on Friday afternoons was such a great mental relief.
My partners in crime in Nijmegen: Rene, Aidan, Nuno (I will always remember the pool 
nights and the exquisite beer tasting sessions!!!), Rainer, Lene, Sabine, Kyra and Eva (the twins). It 
was great fun being with you, the diner parties and funny weekends. And having your friendship. We 
will definitely keep contact.
Juanmi Mancera y Raul: muchas gracias por acogerme tan calorosamente en Cádiz! I 
appreciate your willingness to help me at work and, most of all, your friendship. We’ll keep in touch. 
Saludos!!!
Pedro e Dina, Zélia, Nuno e Cristina, o gang do costume, das jantaradas, viagens, etc, etc... 
We go back a long time! !!!! Desde os tempos do liceu aos dias de hoje muito mudou mas nós estamos 
aqui prás curvas. Muito obrigado pelo vosso apoio e amizade. Depois fazemos uma jantarada!
I deeply cherish the unconditional support I got from my parents and family throughout my 
studies. Aos meus pais, irmao e avós, onde quer que estejam. Um grande obrigado pelo vosso apoio e 
carinho. Muito do vosso esforço em ver-me crescer e ter sucesso está aqui. Espero poder retribuir tudo 
o que me proporcionaram e conto com vocês ai desse lado a seguir-me durante muitos anos mais... 
Quem sabe se outros projectos poderao requerer a vossa experiência...!!
Susana, thank you so much for being there for me. My life would be a lot poorer without you. 
Muito obrigado por todo o tempo que levamos juntos. Pela tua paciência com as minhas neuras e pela 
compreensao em partilhar o nosso tempo com a tese e as viagens. Pelo encorajamento e apoio às 
minhas decisöes. O teu amor e carinho preenchem muito a minha vida...
156
Curriculum Vitae
Pedro Miguel Guerreiro da Costa Guerreiro was born on the 13th of March 1973 in Faro 
(Portugal). He finished secondary school (Escola Secundária Joäo de Deus, Faro) in June 
1991 and entered in October of the same year to the University of Algarve to pursue a degree 
in Marine Biology. He obtained his Licenciatura in September 1996, after a carrying out a 
final project on the molecular biology of pituitary hormones in fish larvae. He received a prize 
from the Governo Civil de Faro for the highest final grade in the University of Algarve 
obtained by a local student in that year. In 1997 he started is PhD research both at the 
Molecular and Comparative Endocrinology Group, Centre of Marine Sciences of the 
University of Algarve and at the Department of Animal Physiology, University of Nijmegen, 
where the work described in this thesis was performed. In 2001 he visited the Department of 
Animal and Vegetal Biology and Ecology of the University of Cadiz to conduct research in 
the frame of a Socrates Exchange Programme. He will start as a postdoctoral fellow in 2003 
working on the regulation of cell membrane transporters in collaboration with the Universities 
of Nijmegen, Algarve and Connecticut.
157
List of Publications
J. A. Flanagan, L. A. Bendell, P. M. Guerreiro, M. S. Clark, D. M. Power, A. V. M. Canario and P. M. Ingleton 
(2002). Cloning and tissue distribution of the calcium-sensing receptor in the sea bream (Sparus Aurata). 
General and Comparative Endocrinology (In press)
G. Flik, S. Varsamos, P. M. Guerreiro, J. Fuentes and J.C. Fenwick (2002). Drinking in very young fish, In 
Osmoregulation and Drinking in Vertebrates, N. Hazon and G. Flik (Editors), BIOS Scientific Publishers Ltd, 
UK
P.M. Guerreiro, J. Fuentes, A.V.M. Canario, and D.M. Power (2002). Calcium balance in sea bream juveniles
(Sparus aurata): the effect of estradiol-17ß. Journal o f  Endocrinology 173: 377-385
P.M Guerreiro, J Rotllant, A.V.M Canario, G Flik, D.M Power and J Fuentes. (2001). Parathyroid hormone 
related protein and calcium transport in the tilapia, Oreochromis mossambicus. In Avances en Endocrinlogía 
Comparada, P. Fernández-Llebrez del Rey (Editor), Universidad de Málaga, Vélez-Málaga, Spain.
J. Rotllant, J. Fuentes, P. M. Guerreiro, D. Power and A. Canario. (2001). A possible relationship between 
corticosteroids and PTHrP in teleost fish. A physiological approach. In Avances en Endocrinlogía Comparada, 
P. Fernández-Llebrez del Rey (Editor), Universidad de Málaga, Vélez-Málaga, Spain.
P.M. Guerreiro, J. Fuentes, D.M. Power, P.M. Ingleton, G. Flik and A.V.M. Canario (2001), Parathyroid 
hormone-related protein: a calcium regulatory factor in sea bream (Sparus aurata L.) larvae. American Journal o f  
Physiology Reg. Integr. Comp. Physiol. 281: R855-R860.
J.A. Flanagan, D.M. Power, L.A. Bendell, P.M. Guerreiro, J.Fuentes, M.S. Clark, A.V.M. Canario, J.A. Danks, 
B.L. Brown and P.M. Ingleton (2000). Cloning of the cDNA for sea bream (Sparus aurata) parathyroid 
hormone-related protein. General and Comparative Endocrinology 118: 373-382.
M. A. Nowell, L. Llewellyn, V. P. Ramsurn, T. Wigham, D. M. Power, P. M. Guerreiro and G. E. Sweeney.
(2000). Cloning and Expression of an Elongation Factor-1a in Sea Bream (Sparus aurata) Larvae and Adult 
Tissue. Marine Biotechnology 2: 173-179.
P. M. Guerreiro, D. M. Power, A. V. M. Canario, P. M. Ingleton, S.E. Wendelaar Bonga, J. Fuentes and G. Flik
(1999) Hypocalcemic effects of human parathyroid hormone-related protein in the gilthead sea bream, Sparus 
aurata. In Recent Developments in Comparative Endocrinology and Neurobiology, E. Roubos, S.E. Wendelaar 
Bonga & H. Vaudry (Editors), Shaker Publishers, Maastricht, The Netherlands.
158


